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Abstract 
Silicon germanium alloys (SiGe) have long been used in thermoelectric modules 
for deep-space missions to convert radio-isotope heat into electricity. They also hold 
promise in terrestrial applications such as waste heat recovery. The performance of these 
materials depends on the dimensionless figure-of-merit ZT (= S2σ T/ κ), where S is the 
Seebeck coefficient, σ the electrical conductivity, κ the thermal conductivity, and T is the 
absolute temperature. Since 1960 efforts have been made to improve the ZT of SiGe 
alloys, with the peak ZT of n-type SiGe reaching 1 at 900 – 950 C.  However, the ZT of 
p-type SiGe has remained low.  Current space-flights run on p-type materials with a peak 
ZT ~ 0.5 and the best reported p-type material has a peak ZT of about 0.65. In recent 
years, many studies have shown a significant enhancement of ZT in other material 
systems by utilizing a nanostructuring approach to reduce the thermal conductivity by 
scattering phonons more effectively than electrons. Here we show, using a low-cost and 
mass-production ball milling and direct-current induced hot press compaction 
nanocomposite process, that a 50% improvement in the peak ZT, from 0.65 to 0.95 at 800 
– 900C is achieved in p-type nanostructured SiGe bulk alloys. The ZT enhancement 
mainly comes from a large reduction in the thermal conductivity due to the increased 
phonon scattering at the grain boundaries and crystal defects formed by lattice distortion, 
with some contribution from the increased electron power factor at high temperatures. 
          Moreover, nanocomposite approaches have been used to study the 
thermoelectric properties of other material systems such as bismuth telluride (Bi-Te), 
bismuth antimony (Bi-Sb), and half-Heusler phases. We observed a significant 
improvement in peak ZT of nanostructured p- and n-type half-Heusler compounds from 
0.5 to 0.8 and 0.8 to 1.0 respectively. The ZT improvement is mainly due to the reduction 
of thermal conductivity. This nanostructure approach is applicable to many other 
thermoelectric materials that are useful for automotive, industrial waste heat recovery, 
space power generation, or solar power conversion applications. 
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Chapter 1: Introduction and Theory of Thermoelectrics 
	
1.1. Introduction 
 
Thermoelectricity is a direct conversion of heat into electrical energy or vice versa 
which is based on three reversible effects named for Seebeck, Peltier, and Thomson for 
their respective discoveries in 18th century. However, thermoelectric research did not get 
much attention until 1950, when Ioffe found that the doped semiconductors could be used 
in thermoelectric generators or refrigerators for better performance [1]. This observation 
expedited thermoelectric research and some significant results have been reported for 
thermoelectric devices with different semiconductor alloys [2-7]. These thermoelectric 
devices have some promising features over conventional power generators or cooling 
devices, such as no moving parts, quiet, reliable, environmentally safe, and long life time 
without maintenance, despite their relatively lower efficiency and higher cost. Moreover, 
thermoelectric devices can be fabricated into portable or small devices for local cooling, 
and have better temperature accuracy when needed.  
  In the late 20th century, the thermoelectric research got more attention and became 
a well-established technology due to the energy crisis, environmental concerns about 
refrigerant fluids and an interest in cooling electronics. Since the thermoelectric 
technology provided a possibility of an alternative energy source, scientists started to give 
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a closer re-examination to develop high performance thermoelectric materials [8]. The 
performance of these materials depends on a dimensionless quantity ZT (= σS2T/k), where 
σ is electrical conductivity, S is Seebeck coefficient, k is thermal conductivity and T is 
absolute temperature [2]. But the improvement of ZT was not an easy task because σ, S, 
and k are interrelated with each other. In the 1990’s, two independent new research 
processes were taken to develop high performance thermoelectric materials; one using 
new classes of advanced bulk thermoelectric materials [9-11] and the other using low-
dimensional materials systems [12, 13]. The advanced bulk-materials approach focused 
on new categories of materials with complex crystal structures containing heavy-ion 
rattlers at partially filled structural sites, thereby providing effective phonon-scattering 
centers to reduce the thermal conductivity without affecting electronic properties, like a 
so-called phonon-glass/electron-crystal (PGEC) materials [9-11]. On the other hand, in 
low-dimensional materials approach, the introduction of nanoscale constituents would 
introduce quantum-confinement effects to enhance the power factor S2σ [13] and, in the 
meantime, the thermal conductivity can be reduced more than electrical conductivity by 
numerous internal interfaces of nanostructures [14], based on differences in their 
respective scattering lengths [15]. Recently, these two approaches came together; either 
by using most successful new bulk thermoelectric materials as host materials with nano 
inclusions, or the bulk materials with nanostructures, also called as nanocomposites, to 
improve the performance of thermoelectric materials [16, 17]. 
   The proof of these principles has been experimentally verified by developing 
high performance bulk materials [9-11] and low dimensional materials, especially 
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superlattices [18, 19]. After these successes, the demand for these high performance 
materials has increased for solid state power generation and cooling. To fulfill the 
increasing demand, cost effective and scalable techniques to produce higher efficiency 
thermoelectric materials will be needed. In this dissertation, a brief review of 
thermoelectric phenomena, current challenges, and our approach [20] to develop cost 
effective and scalable thermoelectric materials with better performances are discussed. 
 
1.2. Theory of thermoelectricity 
1.2.1. Introduction  
Thermoelectric effects involve the creation of electric field in a material due to a 
temperature gradient, and its converse; the creation of a temperature gradient in a 
material by passing electrical current through it. The former process is called the Seebeck 
effect and the latter is called the Peltier effect. Although these phenomena discovered in 
early 19th century, it took almost a half century to realize the applications of these effects 
in thermoelectric power generation and refrigeration with reasonable efficiency. The 
physical principles to explain thermoelectric effects and their use for the development 
high performance thermoelectric materials are discussed in this chapter. 
    
(i) The Seebeck Effect 
The Seebeck effect, discovered by Seebeck in 1821, is the introduction of an 
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electric field when two dissimilar conductors are connected together and a temperature 
gradient is established between the two junctions. These connected conductors are also 
known as thermocouples, which have long been used for temperature measurements. The 
principle of power generation is also the Seebeck effect.  
Although the Seebeck effect was discovered for two dissimilar materials, it is the 
property of any individual bulk material.  The Seebeck effect in any single isolated 
material is illustrated in Figure 1.2.1 which shows that if a material is subjected to a 
temperature gradient, it generates a voltage, known as Seebeck voltage. The ratio of the 
Seebeck voltage to the temperature difference is called the Seebeck coefficient S. 
Mathematically, 
dT
dVS         (1.2.1) 
 
 
 
 
 
 
The generation of Seebeck voltage in a material is due to the difference in carrier 
energy at the hot and cold ends. At the hot end, the energy of carriers is higher with 
Figure 1.2. 1. Seebeck effect; a temperature difference induces a voltage across the
material. 
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higher carrier density above Fermi level [21]. This will cause a net diffusion of carriers 
from hot to cold until there is a sufficiently large electric field generated to stop further 
diffusion. The density and energy of carriers at the two ends of the material with a 
temperature gradient is shown in Figure 1.2.2. 
 
 
 
 
 
 
(ii) The Peltier effect 
Peltier effect, first discovered by Peltier in 1834, is just a reverse process of 
Seebeck effect. In this effect, if an electric current flows through a junction consisting of 
two dissimilar materials, the junction is either heated or cooled depending on direction of 
current. A simple sketch of Peltier effect for a pair of materials, a and b, is shown in 
Figure 1.2.3. 
Figure 1.2. 11. Sketch of density of states and Fermi level showing induced carriers
at hot junction. 
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Figure 1.2. 12. Peltier effect in two dissimilar materials a and b.    
 
The rate of heat exchange at the junctions of two materials due to passage of current I is 
IQ ab , baab        (1.2.2) 
where πab is called Peltier coefficient of the entire thermocouple, and πa and πb are the 
respective coefficients of each material. These Peltier coefficients represent the amount of 
heat current carried per unit charge in a given material. Even though the charge current is 
always continuous across a junction, the associated heat flow will develop a discontinuity 
if πa and πb are different. This causes a non-zero divergence at the junctions which 
accumulate or deplete heat at junctions depending on the direction of the current. It is a 
fact that heat current is accompanied by electric current and different materials have 
different drift velocities for same current. Since the drift velocity depends on the energy 
of carriers above Fermi level, the high energy carriers transport heat energy in the 
opposite direction of current. The heat transfer mechanism at the junction is sketched in 
Figure 1.2.4. 
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Figure 1.2. 13. A simple sketch showing heat transfer across the junctions (T. Hogan, 
MSU). 
 
Figure 1.2.4 clearly shows that heat is absorbed at one junction and emitted from 
another junction. Hence, the Peltier effect can be used to transfer heat from one junction 
to another, which is the principle of thermoelectric cooling. However, making Peltier 
cooling devices efficient by using typical conductors is a difficult task due to dominant 
Joule heating. 
(iii) The Thomson Effect 
The Thomson effect, first observed by Thomson in 1851, describes the heating or 
cooling of an individual current carrying conductor with a temperature gradient. Every 
current carrying conductor, if subjected to a temperature gradient, either absorbs or emits 
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heat depending on the material. For a conductor with current I, the Thomson coefficient is 
defined as  
 
dxIdT
dxdqb
/
/ ,      (1.2.3) 
where dq/dx is the rate of heating or cooling per unit length and dT/dx is the temperature 
gradient.  
(iv) Kelvin Relations 
The Seebeck, Peltier and Thomson effects described above are related to each 
other. Kelvin found the relationships between these thermoelectric effects, which are now 
known as the Kelvin relations, which are given by   
 TS  , and      (1.2.4) 
             
dT
dSTb                (1.2.5) 
where T is the absolute temperature of the material. 
 
1.2.2. Transport properties 
 
1.2.2.1. Electrical conductivity 
From Boltzmann’s transport equation, a general expression for electrical 
conductivity can be calculated as  
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where  is a symmetric second rank conductivity tensor, τ is relaxation time, )(kv  is 
velocity of carriers, and f0 is distribution function. The evaluation of the integral in 
equation 1.2.1 over all k-space depends on the relations of )(kE

with vv  terms, and the 
temperature dependence of σ comes from the 
E
f

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For semiconductors, electrical conductivity can be evaluated by using the Fermi 
function as the distribution function and an isotropic, parabolic energy band. With these 
approximations, electrical conductivity can be written as, 
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where EF is Fermi energy of the semiconductor and m* is effective mass of the carriers. 
 
1.2.2.2. Seebeck coefficient 
Again from Boltzmann’s equation, a general expression for the Seebeck 
coefficient can be written as  
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This can be written in further simplified form as  
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From equation 1.2.4, it is clearly seen that the Seebeck coefficient is proportional 
to the expectation value of energy difference of the carriers and Fermi energy. This 
relationship could prove useful to engineer a material such that low energy carriers are 
cut off and a higher Seebeck coefficient could be observed. Several results with increased 
Seebeck coefficient have been reported in literature [22]. 
 
1.2.2.3. Mott Formula 
For metals, the equation for the Seebeck coefficient (1.2.3) can be solved to get a 
relation between Seebeck coefficient (S) and electrical conductivity (σ). Originally, Mott 
and Cutler [23] describe a microscopic relationship between S and σ, known as Mott 
formula, given by  
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where n is carrier concentration and μ is the mobility of the carriers. Equation (1.2.5) 
shows that there are two mechanisms that can increase S: (i) an increased energy 
dependence of μ (E), for instance by a scattering mechanism that strongly depends on the 
energy of the charge carriers, or (ii) an increased energy-dependence of n (E), for 
instance by a local increase in density of states g (E) [24]. In mechanism (i), since 
mobility is related to scattering time (τ), and τ is a function of the energy, τ (E) α E r, the 
measurement of Seebeck coefficient can give information of the scattering mechanism in 
the material [25]. For example, for hard sphere scattering the exponent r = -1/2, and for 
Rutherford scattering from a coulomb potential, r = -2. Mechanism (ii) is the basis of the 
Mahan-Sofo theory [26], provided that the semiconductor aligns properly in the range of 
the excess DOS [g (E)] in the band. The concept can also be expressed in terms of 
effective mass m*, as shown for degenerate semiconductors [27]: 
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Because ZT also depends on the carrier’s group velocity via the electrical conductivity, 
the value of EF that maximizes ZT is somewhat different from the value that maximizes S 
and m* (26). 
Moreover, there are few more notable things in Mott’s formula for the study of 
thermoelectric properties of a material. First, the dependence of the derivative of the log 
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of conductivity also indicates that the Seebeck coefficient is a very sensitive probe of the 
electronic structure of the material as explained above.  This is the reason that we can 
expect a large, tunable Seebeck value in nanostructured materials since the conductance 
of such nanostructures can be a steep function of energy. The second notable thing is the 
linear dependence of temperature; since for metal-like materials the conductivity does not 
have appreciable temperature dependence.  
 
1.2.2.4. Thermal conductivity 
Thermal conductivity characterizes the heat transport in solids as electrical 
conductivity does electric conduction. By definition, thermal conductivity ( k

) is given as 
     )(
r
Tkj 


       (1.2.8) 
where j

is the heat current density flowing through the material, and rT  /  is the 
temperature gradient in the material. Since the heat conduction in solids is carried by 
carriers and lattice vibrations (phonons), the total thermal conductivity of the material is 
given by both carrier and lattice contributions as 
      carrierlatticetotal         (1.2.9) 
Carriers in a solid not only carry electricity but also transport heat, and their 
contribution to the thermal conductivity can be derived by using Boltzmann’s equation. A 
general expression for carrier contribution to thermal conductivity can be written as 
13 
 
  kd
r
fEEvv
T
k Fcarrier
302
3 )(4
1   
 
      (1.2.10) 
For metals, the above equation simply yields Wiedemann-Franz relation 
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In equation (1.2.11), the ratio k/σT, known as the Lorenz number, is constant and is equal 
to 2.45×10-8 V2/K2. 
In the case of non-degenerate semiconductors, assuming parabolic energy bands, 
the carrier contribution to thermal conductivity can be obtained by replacing FEE  by E 
as 
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This equation shows that the carrier contribution to thermal conductivity is similar for 
metals and non-degenerate semiconductors except numerical constants [28]. However, 
for degenerate semiconductors the energy bands are not parabolic and more careful 
treatment is needed. In semiconductors, most of the heat transport is dominated by lattice 
contribution whereas in metals, it is dominated by carriers (electrons). 
For the lattice contribution, the heat is carried by lattice vibrations, known as 
phonons. By using classical kinetic theory, the lattice contribution to thermal conductivity 
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of a solid can be approximately written as 
3
lvCk svlattice          (2.2.13) 
Here Cv is specific heat at constant volume, vs is average velocity of sound and l is 
mean free path of phonon. The mean free path describes the scattering mechanism of 
phonons. 
At very low temperatures, the behavior of klattice is dominated by Debye T3 law for 
Cv because the phonon scattering is insignificant at low temperatures due to low numbers 
of phonon excitations and their very long wavelength. Above the Debye temperature, Cv 
approaches classical constant value, 3R. At such temperatures, klattice is primarily 
dominated by the behavior of l, meaning phonon scattering, since the phonon velocity is 
almost independent of temperature.  
In a perfect infinite crystal at zero temperature, the phonons would move without 
scattering, which would make thermal conductivity infinite. However in real crystals, 
there are different scattering processes which reduce the thermal conductivity 
significantly. In thermoelectric research, phonon scattering mechanisms play an important 
role in improving the efficiency of thermoelectric materials. In semiconductors, which 
have good thermoelectric properties, room temperature thermal conductivity is 
predominantly due to acoustic phonons and the major scattering processes are phonon-
phonon, phonon-boundary, and phonon-defect scattering. A short overview of different 
phonon scattering processes is discussed in following section.  
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1.2.3. Scattering mechanism 
 
 In solids, scattering of carriers and phonons are important transport behaviors to 
study. As explained in the last section, the carrier scattering directly affects the electrical 
conductivity and Seebeck coefficient, whereas the phonon scattering affects the thermal 
conductivity. In this section, the different types of scattering mechanisms are discussed. 
1.2.3.1. Scattering mechanism for carriers 
Carriers in solids, scatter through a different mechanism such as carrier-phonon, 
carrier-impurity, carrier-defect, and carrier-carrier scattering [29], where a carrier could 
be an electron, hole or both. However, the most important scattering mechanism is 
electron-phonon scattering. In metals, most of the Brillouin zone is occupied by electrons 
whereas in semiconductors, it is mostly unoccupied. In metals, scattering takes place 
from one point to another on the Fermi surface with large momentum changes, while in 
semiconductors, the change in momentum wave vector occurs only at a small angle. 
Thus, small angle scattering is important in semiconductors.  
Scattering probabilities for more than one scattering process are additive and 
proportional to the reciprocal of the respective scattering times, so the total scattering 
time can be written in terms of individual scattering time τi  as 
       
itotal 
1111
21
        (1.2.14) 
In the carrier-phonon scattering process in semiconductors, the probability that a 
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carrier will change a state from initial to final position is proportional to the availability 
of states, probability of absorbing or emitting a phonon, and the strength of the carrier-
phonon interaction.  Some well-known carrier scattering process are acoustic phonon 
scattering, optical phonon scattering, impurity scattering, scattering by dislocations, 
boundary scattering, inter valley scattering from one equivalent conduction band minima 
to another, and carrier-carrier scattering. The inter valley scattering requires large 
phonons with large wave vectors, which consequently results in large energy transfer. The 
details of each of these mechanisms are beyond the scope of this thesis. 
1.2.3.2. Phonon-phonon scattering 
In pure crystals at high temperatures, phonons are predominantly scattered by 
other phonons and the most important scattering process involves three phonons. The 
scattering of phonons satisfy both momentum and energy conservation laws. In normal 
processes, three phonons scatter with wave vector conservation equation 
     321 kkk
         (1.2.15) 
which implies simply a redistribution of phonons without any thermal resistance to first 
order, but in Umklapp process, the wave vector conservation follows 
                Kkkk
  321       (1.2.16) 
where K

is the reciprocal lattice vector which makes all phonons lie in the allowed zone, 
and this type of scattering with K  0 contributes to thermal resistance. This clearly 
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shows that the Umklapp scattering process directly controls high temperature thermal 
conductivity. 
From second order perturbation theory, the relaxation time for three phonons 
Umklapp scattering at temperatures 300oK is given by [30] 
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Here  is the Gruneisen anharmonicity parameter,  is the shear modulus, V0 is 
the volume per atom and D is the Debye frequency.  
1.2.3.3. Phonon - boundary scattering 
Phonon scattering at crystal boundaries is also an important scattering process 
which occurs especially at low temperatures by long wavelength phonons. Due to this 
scattering, the maximum mean free path of phonons is set by the grain size of the 
material in poly-crystalline samples. These crystal boundaries scatter not only phonons 
but also carriers which lower the carrier’s mobility.  However the thermal reduction due 
to phonon scattering overweighs the reduction in mobility by carrier scattering which in 
turn improves the performance of thermoelectric devices [8]. Boundary scattering 
relaxation time is given by  
)1(1 p
DB
           (1.2.18) 
where D is the average grain diameter, is the group velocity of the phonon and p is a 
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parameter that characterizes the interface roughness and its effect on phonon scattering at 
boundaries [31].  The value of p represents the probability that the phonon is scattered at 
the interface, and the value of 1-p represents the probability that the phonon undergoes 
diffusive scattering. In the case of purely diffusive scattering, equation 1.2.18 reduces to 
the well-known Casimir limit [32].  
DB

 
1            (1.2.19) 
1.2.3.4. Defect-phonon scattering 
This scattering process involves the scattering of phonons by a variety of crystal 
defects, impurity sites and different isotopes of the host material [33]. The phonon 
relaxation time for this type of point defect scattering is  
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where,  is the measure of the strength of the point defect scattering given by 
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Here Mi and Ri are the mass and Pauling ionic radius of the ith impurity atom, and 
fi is the fractional concentration of impurity atoms. 
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1.2.4. Thermometric Figure of merit 
The performance of a thermoelectric material is determined by a dimensionless 
figure of merit (ZT), which is defined as 
k
TSZT 
2
                 (1.2.22) 
where S is the Seebeck coefficient, σ is electrical conductivity, k is thermal conductivity, 
and T is the absolute temperature. The expression S2σ is called the power factor.  Since 
the efficiency of power generation and coefficient of performance of cooling both directly 
depend on ZT, which will be explained in detail in the next section, a good thermoelectric 
material requires a higher Seebeck coefficient and electrical conductivity, and a lower 
thermal conductivity.  The main experimental focus of this work is to improve the ZT of 
different bulk material systems by using different techniques. 
The improvement of ZT of bulk materials is a difficult task due to the interrelation 
among all of the thermoelectric properties σ, S, and k. Figure 1.2.5 shows a variation of σ, 
S, k, and ZT as a function of carrier concentration (n). Figure (1.2.5) clearly shows that 
the increase in carrier concentration not only increases electrical conductivity but also 
increases thermal conductivity and decreases the Seebeck coefficient. Moreover, it is also 
shown from Fig. (1.2.5) that the maximum value for ZT is obtained for heavily doped 
semiconductors. Hence, the heavily doped semiconductors are the best choice for better 
thermoelectric performance. In semiconductors, electrical conductivities and carrier type 
can be easily changed without much affecting other properties simply by changing the 
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dopants and doping concentration. With dopants, electrical conductivity of 
semiconductors can reach to a fairly high value (~105 S/m) with significantly higher 
Seebeck coefficient (~200 µV/K), whereas the carrier contribution to thermal 
conductivity is still not significant (~0.5 W/m.K).  
 
 
Figure 1.2. 14. Variation of σ, S, k, and ZT as a function of carrier concentration (n). 
 
1.2.5. Thermoelectric devices 
Thermoelectric devices are used either for power generation (Fig. 1.2.6) or for 
thermoelectric cooling (Fig. 1.2.7).  These devices consist of thermocouples made by the 
fabrication of p- and n-type of thermoelements. The efficiency of a thermoelectric 
generator is defined as the ratio of the electrical power delivered to the load, to the heat 
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absorbed at the hot junction, given by 
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The optimized efficiency with respect to load can be rewritten as, 
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where ZT is given by eq. (1.2.22), and (TH – TC)/TH is the Carnot efficiency. 
 
 
   Figure 1.2. 15. Thermoelectric device for power generation. 
 
22 
 
 
Figure 1.2. 16. Thermoelectric device for cooling. 
 
Similarly, the efficiency of a refrigerator (or cooling device) is expressed by the 
coefficient of performance (COP), which is defined as the cooling power produced 
divided by the rate at which electrical energy is supplied [6].  
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With these values, the optimized COP with respect to electrical current is,  
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These two equations (1.2.24 & 1.2.28) clearly show that the efficiency of a 
generator and the COP of a refrigerator directly dependent on ZT of the materials. This 
means a higher ZT material is required for better performance of thermoelectric devices. 
Figures (1.2.8) show the possible efficiencies of a power generator in terms of Carnot 
efficiency (TH – TC/TH) with respect to ZT of the thermoelements of the device. Figure 
1.2.8 clearly shows that the best available bulk thermoelectric material for power 
generation could achieve a peak efficiency of up to around 17% of the Carnot efficiency. 
This efficiency of the generator has only increased a few percent since the 1950’s and is 
significantly lower in comparison to conventional power generators which usually run at 
an efficiency of 30% of Carnot efficiency. Similarly, the maximum COP observed so far 
is only around 0.5 (Fig. 1.2.9) which is much lower in comparison to conventional 
refrigerators (COP ~ 1.5). To compete with these conventional engines, thermoelectric 
devices of high ZT (~ 3) materials are required (Figs. 1.2.8 & 1.2.9). The search for such 
high ZT materials is the main motive of this research work. 
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Figure 1.2. 17. Possible efficiencies of a power generator in terms of Carnot efficiency 
with respect to average ZT of thermoelements in a thermoelectric device. 
 
        
Figure 1.2. 18. ZT dependent COP of a thermoelectric refrigerator. 
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1.2.6. Thermoelectric materials 
In search of high performance thermoelectric materials, different material systems 
were investigated for their potential use in thermoelectric devices, but only a few 
materials that have been explored so far, exhibit relatively high efficiencies over specific 
temperature ranges. A plot of state of the art thermoelectric materials with respect to their 
working temperatures is summarized in Figure 1.2.10 (State-of-the-art thermoelectric 
materials). Figure 1.2.10 clearly shows that each material system has specific working 
temperatures where ZT is maximized. An example is BiTe systems, which are the most 
efficient thermoelectric materials with a ZT ~1 for low temperature operations (25 to 250 
oC). Similarly, PbTe, Skutterudite are best thermoelectric materials in medium working 
temperatures (300 to 550 oC), and SiGe, Zintal phases at high temperatures (550 oC and 
up).  Figure (1.2.10) also shows that a high ZT~2.5 is observed for different superlattice 
systems, however, due to high cost for device fabrication and difficulty in mass 
production, these superlattices are not feasible for applications. So, more research to find 
high ZT bulk thermoelectric materials is required to compete with current energy 
conversion technology.  
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Figure 1.2. 19. Dimensionless figure of merit (ZT) with respect to temperature of an 
assortment of the best thermoelectric materials presently available (State-of-the-art of 
thermoelectric materials). 
 
The systematic research to find good thermoelectric materials involves the study 
of transport parameters, S, σ, and k in terms of more fundamental properties such as:  
band gap, carrier concentration, mobility, effective mass and so on. Extensive work has 
been carried out theoretically and experimentally to relate these parameters to practically 
useful parameters like crystal structure or constituent elements [2], and a few general 
guidelines are made to search for new or advanced thermoelectric materials with better 
performance. The first parameter to be considered is carrier concentration, which should 
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be in the range of 1018 to 1020cm-3 since the heavily doped semiconductors are the best 
thermoelectric materials, not metals and insulators (Fig. 1.2.5). Another important 
parameter is the band gap of the thermoelectric materials which is related to their 
working temperatures. For example, semiconductors with energy gap ~10KBT have better 
performance in cooling applications. However, a high performance material employed in 
thermoelectric cooling is usually not suitable for power generation applications. 
Mobility and effective mass are also important factors to be considered for good 
thermoelectric materials since the thermoelectric figure of merit is related to these 
parameters by equation 
lm
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This clearly shows that a good thermoelectric material must have good carrier mobility, 
high effective mass, and a low lattice thermal conductivity. Moreover, complex crystal 
structure alloys and high average atomic weight materials are preferable for better 
thermoelectric materials because of the possibility of enhancing phonon scattering. 
Materials with multivalley band structures could also be suitable thermoelectric materials 
due to their high thermopower.  
 The main objective of this dissertation work is to use a new technique to develop 
higher performance thermoelectric materials with the considerations, and guidelines 
explained above. We developed a nanocomposite approach to make better performing 
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thermoelectric materials in which the ZT of the materials is improved mainly due to 
reduction of lattice thermal conductivity by increasing phonon scattering through the 
boundaries of nanostructures. The nanostructures of the material are made by using a ball 
milling (Mechanical Alloying) technique. The motivation and details of this approach are 
explained in next section. 
 
1.3. Nanocomposite Approach 
In the 1990’s, after being the established green technology for an alternative 
energy source, thermoelectric research experienced a rebirth, and scientists started to 
search for high performance thermoelectric materials. Specifically, two approaches were 
used; one to develop new classes of advanced bulk materials with complex crystal 
structures to reduce thermal conductivity [10, 11], and another to use low dimensional 
materials to increase a power factor by modifying the density of states or by having an 
energy filtering effect [12, 13]. The former approach is demonstrated in skutterudites 
[11], and the latter was observed initially in superlattice structures [17, 18]. The ZT 
enhancement in these materials is mainly due to the reduction of the thermal conductivity 
while benefiting little or none with regard to the power factor.  
Unlike superlattices, nanostructures not only increase the power factor but also 
decrease the thermal conductivity [14]. There are mainly two explanations for the 
reduction of thermal conductivity due to nanostructures. First, treating phonons as 
coherent waves just as in electron waves [28-32], and the modification of these phonon 
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modes by periodic nanostructures reduces the phonon group velocity. The reduced 
phonon group velocity gives the low thermal conductivity in cross-plane direction of 
superlattices [32-36].  However, experimental results showed more decrease in thermal 
conductivity than simulation results (Fig. 1.3.1) suggesting the fact that only modification 
in phonon modes cannot explain the thermal conductivity reduction in nanostructures 
[37-40]. The second explanation involves the interface scattering of incoherent phonon 
particles as the classical size effect [14, 15, 41, 42]. This means the reduction of thermal 
conductivity mainly comes from phonon scattering at the boundaries of nanostructures. 
Moreover, phonons scatter more at grain boundaries in comparison to carriers due to their 
longer mean free paths in comparison to carriers, which in turn reduces the thermal 
conductivity more than electrical conductivity.  Thermal conductivity reduction by the 
classical size effect is conspicuous when the mean free path of phonon (100~200 nm at 
room temperature) is comparable to or larger than the characteristic length of structures 
[15, 41].  Hence, an increased amount of boundaries in nanostructures is a critical factor 
for thermal conductivity reduction, rather than periodic structures.  
 
30 
 
 
Figure 1.3. 1. Experimental (points) and calculated (solid lines) thermal conductivity of 
SiGe superlattices in both in-perpendicular and cross-plane direction, normalized to 
thermal conductivity of SiGe bulk alloy.  
 
Several other experimental results are also reported for ZT enhancement due to 
nanostructures, especially in superlattices [18, 19, 43, 44] with the highest ZT value of 
2.4 at room temperature in Bi2Te3/Se2Te3 superlattices [18].  However, these superlattices 
are not practically useful in thermoelectric products because of the time and cost of 
fabrication. 
In this dissertation, a cost and time effective nanocomposite method has been 
developed to enhance the ZT of thermoelectric materials. The enhanced ZT mainly comes 
from the reduction of thermal conductivity due to increased phonon scattering at the 
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boundaries of nanostructures. These nanostructured samples were prepared from hot-
pressing the nanopowders synthesized by high-energy ball milling method. These high 
ZT materials have been investigated to get high efficiency of thermoelectric devices for 
waste heat recovery, power generation, and cooling applications. The main focus of this 
research work is to use nanocomposite approach to study the thermoelectric properties of 
Silicon Germanium (SiGe), Bismuth Telluride (BiTe), bismuth antimony (BiSb), and 
half-Heusler material systems to develop the high performance bulk thermoelectric 
materials for different operational temperatures. Moreover extensive theoretical study of 
the thermoelectric-related properties has been carried out to understand the underlying 
physics in these materials as guidance for further research. 
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Chapter 2: Measurement and Characterization of 
Thermoelectric Materials 
 
2.1. Introduction 
Electrical conductivity (σ), Seebeck coefficient (S), and thermal conductivity (k) 
are the fundamental transport properties of a thermoelectric material, so the temperature 
dependence of these transport properties is used to characterize the performance of these 
thermoelectric materials. These quantities are further related to more fundamental 
parameters such as carrier concentration (n), mobility (μ), effective mass (m*), and 
specific heat capacity (cp) of the material. The study of these individual transport 
properties gives broad insight to evaluate and predict the characteristics of the 
thermoelectric materials, even though there are some direct methods to determine the 
performance of the thermoelectric materials such as Z-meter [1].  
Since the measurement of σ, S, and RH are carried out by measuring the 
corresponding voltage drop (VR) across resistance R, thermoelectric voltage (Vo), and 
Hall voltage (VH) irrespective of the measurement methods and apparatus used, an 
accurate measurement of these voltages is the important aspect of the measurement of the 
thermoelectric properties [2]. Moreover, to get reliable and accurate measurements, it is 
also important to identify and quantify the systematic errors in these measurements [3]. In 
general, standard samples are used to identify the measurement errors but at present, 
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there are no known thermoelectric standard samples available which match the properties 
of materials of our interest. For this reason, the round robin measurements are carried out 
for same samples in different independent measurement techniques to check the 
reliability of the measurement of thermoelectric properties. In this chapter, different 
measurement techniques with their principles which are used in characterization of the 
thermometric properties will be discussed.  
In our measurements, the electrical conductivity and Seebeck coefficient were 
measured by commercial equipment (Ulvac, ZEM-3) from room temperature to 950 oC, 
the thermal conductivity was measured by a laser flash system (Netzsch LFA 457) from 
room temperature to 950C, and the carrier concentration and mobility were measured by 
Hall measurement system (4600 series) from room temperature to 500 oC. To check the 
reliability of these measurement systems, round robin measurements are carried out in 
different measurement systems in MIT and JPL. All of these systems described above 
will be summarized in this chapter.    
 
2.2. Electrical Conductivity Measurement 
In thermoelectric research, the measurement of electrical properties is often 
challenging due to the Peltier effect produced by the temperature gradient between two 
current probes when an electrical current is passed through the sample. This will produce 
an additional Peltier voltage (Vo) which is added to voltage Vr and VH respectively during 
electrical conductivity and Hall coefficient measurements. To take in to account the 
37 
 
Peltier voltage, alternating current (ac) is often used but still an alternating Vo is produced 
[4] because of Peltier heat produced by the applied current. Chopped direct current (dc) 
method also cannot nullify Vo completely [5]. So far, the most dependable method to 
detect more accurate Vr is the high-speed, high-resolution dc measurement technique [6]. 
However, there are several other issues related to accurate determination of correct 
voltage, for example, positions of the probes, surface conditions, methods of contacts etc. 
We have been measuring electrical conductivity by using a commercial ZEM-3 system 
(Fig. 2.2.1), based on high-speed, high-resolution current switching dc measurement 
technique. 
 
 
Figure 2.2. 1. Commercial ZEM-3 system 
 
In the ZEM-3 system, electrical conductivity is calculated by measuring the 
resistivity (ρ) using a four probe technique. Figure 2.2.2 shows a simple sketch of the 
four probe method used for electrical resistivity in ZEM-3. The four probe technique 
especially has been developed to account for contact resistance between the metal 
electrode and the semiconductor samples. This intrinsic contact resistance, also known as 
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Schottky Barrier [7], is produced by the energy gap between the work function of the 
metal and the Fermi level of the semiconductor and becomes more pronounced when 
there is an oxide layer on the surface of the sample. The contact resistance can be as 
much as hundreds of ohms while the resistance of samples is a few tens of milli ohms.  In 
the four probe technique, current is injected through one set of probes (I+ and I-), and 
voltage is measured using another set of probes (V+ and V-) as shown in Fig. 2.2.2. There 
are also four thermocouples connected with four probes (Fig. 2.2.2) to measure the 
temperature of these points for Seebeck coefficient measurements which will be 
discussed in next section. Figure 2.2.3 shows the real sample mounted on ZEM-3 system 
for electrical resistivity and Seebeck coefficient measurement. 
 
Heater
Low-pressure He
environment
Furnace
Pt-Rh block
R-type thermocouples probes
thermocouple
thermocouple
I+
I-
V+
V-
Pt-Rh block
 
Figure 2.2. 2. Schematic diagram of four probe technique in ZEM-3. 
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For electrical resistivity measurements, probe thermocouples used for voltage 
measurement (V+ and V-) are brought in contact with the sample surface and given extra 
pressure with the use of springs. This type of the pressure contact is advantageous to 
apply constant force on the sample to make the stable value of contact resistance. A good 
contact between the probes and the surface of the sample is ensured by getting a linear 
plot with no intercept in the I-V curve (Fig. 2.2.4). Lower and upper electrodes with 
spring force hold the sample firmly in the upright position which also makes good 
electrical contacts between current probes and the sample. The whole setup is kept in a 
furnace as shown in Fig. 2.2.1 with low-pressure He-gas. The voltage and current 
controllers, data acquisition, and analysis are fully automated using a computer. 
Figure 2.2. 3. Real sample mounted on ZEM-3 system for measurement. 
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Figure 2.2. 4. I-V curve for resistance measurement. 
 
 Then, the electrical resistivity (ρ) is found from the relation  



dI
dV
l
A        (2.2.1) 
where (dV/dI) is the slope of the I-V plot (Fig. 2.2.4) which is equal to the resistance (R), 
l is the distance between two voltage probes, and A is cross sectional area of the sample. 
This set up is also capable of measuring the resistivity at different temperatures of interest 
where the temperature of the sample is given by a thermocouple. During resistivity 
measurement, the temperatures are kept constant at the two voltage probes to minimize 
the Seebeck voltage. The electrical conductivity is then calculated as a reciprocal of ρ.  
The accuracy of electrical conductivity measurements in the ZEM-3 system is around 
4%.  
Another challenge to measure the electrical conductivity is the Peltier effect as 
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discussed above, which causes a temperature gradient between two current probes when 
an electrical current is passed. This temperature gradient in turn generates a Peltier 
voltage which is included in the measured voltage (V) across the resistance (R) and 
makes the voltage measurement inaccurate. The Peltier voltage for a small amount of 
current is usually of the same order of magnitude as the resistive voltage (VR).  In the 
ZEM-3 system, Peltier voltage is accounted by using fast switching dc current. By this 
method, two equal and opposite Peltier voltages are produced for the same current and 
cancel each other by taking the average of two measured voltages across the resistance. 
 
2.3. Seebeck coefficient Measurement 
Seebeck coefficient, in principle, is one of the simplest quantities to measure 
because it is defined as the ratio of an open-circuit potential difference to a temperature 
difference [8]. However, it is very easy to introduce substantial errors in the measurement 
of voltages and temperatures. The contact resistance is the main problem for accurate 
voltage measurements whereas, the measurement of real temperatures at voltage probes is 
another important issue. We have been using same ZEM-3 system, explained in section 
2.2 and shown in Fig. 2.2.1, for Seebeck coefficient measurements in which the voltages 
and temperatures are measured simultaneously by same thermocouple probes as shown in 
Fig. 2.2.2. Then, the voltage difference (∆V) is measured for a set of temperature 
differences between the two probes (∆T) to find Seebeck coefficient as the slope of ∆V-
∆T curve as shown in Figure 2.3.1. 
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       Figure 2.3. 1.  ∆V-∆T curve for Seebeck coefficient measurement. 
 
During Seebeck coefficient measurements, the current flow is stopped to take 
account of Peltier voltage, and the temperature dependence of the Seebeck coefficient is 
measured by taking data at different temperatures by using the heater. By using the ZEM-
3 system, Seebeck coefficient can be measured with an accuracy of around 7%. 
  
2.4. Thermal Conductivity Measurement 
Measurement of thermal conductivity is the most difficult measurement among all 
the thermoelectric properties because thermal insulation is always difficult in comparison 
to electrical insulation, which means there are invariably problems associated with heat 
losses [8]. So, the main issue of the thermal conductivity measurement is to make the 
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heat loss as small as possible, especially for thermoelectric materials which have low 
thermal conductivity. We have been using the most favorable Laser flash technique to 
measure the thermal conductivity of the samples. The measurement principle and 
techniques with associated issues are explained in following sub-sections. 
 
2.4.1. Laser Flash Technique 
 In this technique, thermal conductivity is calculated by using a relation 
 C      (2.4.1) 
where α is thermal diffusivity, C is specific heat capacity, and ρ is density. We have been 
using the laser flash system (Netzsch LFA 457) to measure α and C, and Archimedes’ 
principle to measure ρ. To measure thermal conductivity with accuracy, α, C, and ρ 
should be measured accurately. 
In thermal diffusivity and specific heat capacity measurements, different boundary 
conditions should be assumed due to the surface heat losses and thermal contact 
resistance between the sample surface and its associated heat sources and sinks. Laser 
flash method has been developed to determine thermal diffusivity and specific heat 
capacity of varieties of bulk materials accurately. The formulation for Laser flash 
technique was first deduced by Parker et.al. [9], and reviewed several times by many 
other researchers [10, 11]. This technique uses a flash tube to eliminate the problem of 
thermal contact resistance, while the heat loss is minimized by measuring in a short 
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enough time so that cooling effect can be neglected. A simple sketch of the method is 
shown in figure 2.4.1, and the picture of the equipment is shown in Fig. 2.4.2. 
 
 
Laser beam
sample
IR detector
To Computer
Argon environment
Furnace
IR radiation
Lens
 
Figure 2.4. 1. A simple sketch of Laser flash method. 
 
 
Figure 2.4. 2.  A laser flash system (Netzsch LFA 457). 
 
In this method, the sample’s diameter is much greater than the thickness, 
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generally of wafer type, and the laser beam is irradiated on one face of the sample with 
pulses not more than a millisecond long to minimize the heat loss. The temperature at the 
opposite face is measured with IR detector as in Figure 2.4.1. In the complete absence of 
heat loss from the sample, the temperature would rise monotonically to a limiting value. 
However, in real situations, the measured temperature will peak at certain Tmax and then 
return to ambient value as in Figure 2.4.3. Then, the thermal diffusivity is calculated by 
relation [9], 
 
2
5.0
1388.0 dt       (2.4.2) 
Where t0.5 is the time to reach half of Tmax, found from Fig. 2.4.3, d is the 
thickness of the sample, and α is the thermal diffusivity of the sample.  
0
0.2
0.4
0.6
0.8
1
t0,5
 
Figure 2.4. 3.  Temperature rise curve measured by IR detector. 
 
In the Laser flash system, the laser spot is made uniform and has a greater area 
than the spot size of the temperature measurement to make approximately one 
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dimensional heat flow. Moreover, the sample must be thin enough that the heat pulse 
arrives before too much heat is lost and thick enough that the rise time is much greater 
than the laser pulse duration.  
In diffusivity measurement, the amount of energy from the laser beam does not 
need to be considered so the heat losses will not affect the measurement. However, the 
measurement of specific heat capacity is related to the amount of laser energy (Q) by 
equation,  
 
TdA
QC         (2.4.3) 
Since laser energy is lost in various forms before hitting the sample, the specific heat 
measurement becomes inaccurate. In laser flash technique; this energy loss is taken into 
account by using the comparison of temperature rise of the sample with a standard 
reference sample. Assuming that laser pulse energy (Q) and its coupling with both 
samples remain essentially unchanged,  
  TCmTmCQ ss       (2.4.4) 
m
CmC ss        (2.4.5) 
where, m is the mass of the sample and, ms and Cs are respectively mass and specific heat 
capacity of the reference sample which are assumed known quantities. Then, the specific 
heat of the sample can be calculated using the temperature rise plots of reference and 
actual samples. 
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In this experiment, a disc shaped sample of diameter 12.7 mm and thickness 
ranging from 1-2 mm is used. All the samples together with the reference sample are 
graphite coated to absorb and match the absorptivity and emissivity which is especially 
more important in specific heat calculations. The sample is put facing the laser beam and 
an Indium Antimonide (InSb) IR detector inside an argon environment furnace (Fig. 
2.4.1). A thermocouple in contact with the sample measures the temperature of the 
sample and its surroundings, and a heater is used to make the desirable furnace 
temperature for temperature dependent diffusivity and specific measurements. A laser 
beam strikes and is absorbed by the front sample surface causing a heat pulse to travel 
through the sample’s thickness. The resulting temperature is kept in optimum range of 
~2oK by adjustable filters placed in between the sample and laser source. The actual IR 
signal, which gives a temperature rise curve, detected by the IR detector is shown in 
Figure 2.4.4. The equipment is fully automated and controlled to record, analyze, and 
report the data of thermal diffusivity, specific heat and calculated thermal conductivity by 
using equation 2.4.1.  
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Figure 2.4. 4. Actual IR signal, which gives temperature rise curve, detected by IR 
detector with respect to time. 
 
Even though the laser flash technique is the most favored one, there are a few 
issues related to accurate measurements of thermal diffusivity. A finite width of the laser 
pulse can affect the measurement of samples which are thin or have high diffusivity 
because the heating of the front surface can’t be considered instantaneous relative to the 
time to diffuse through the sample [12-15]. There are also non-measurement errors 
related to heat losses and non-uniform heating [16]. These problems hinder the accurate 
determination of half time using the temperature rise curve. Since these problems could 
be addressed using various models, the software used in the measurement system 
contains a set of theoretical analysis techniques to account for these issues. Then, the 
diffusivity measurement is corrected by choosing the right model that fits experimental 
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conditions and sample properties. After all these corrections, the diffusivity and specific 
heat capacity can be measured with an accuracy of 2% and 10% respectively by using the 
laser flash system.  
 
2.4.2. Specific heat capacity 
 Specific heat capacity measurements are not as accurate as required by using the 
laser flash system, so we used Differential Scanning Calorimetry (DSC) method to 
measure specific heat capacity more accurately. Figure 2.4.5 shows the apparatus used in 
DSC techniques. In this method, specific heat capacity of a sample is calculated from 
three measurements; baseline, reference sample, and a sample by using a relation 
   
 
where sensitivity is found from the reference sample measurement by using relation 
 
 
 
   
In each measurement, a DSC signal is observed with respect to time and temperature as 
shown in Figure 2.4.6. For accurate measurements of specific heat, all three 
measurements should be performed with the same crucibles and same conditions. There 
ysensitivitrateheatingmasssample
baselinesampleCp 

   
)( difference signal 
)(. )(
)( 
sapphireCptheoretrateheatingsapphiremass
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
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are always two crucibles; one reference and one for the sample. The reference crucible 
should be exactly the same as the one holding the sample and empty for all 
measurements. With all these conditions provided, the specific heat capacity of a sample 
can be measured within 2% accuracy using DSC method.  
 
 
 
     Figure 2.4. 5. DSC apparatus to measure specific heat capacity. 
 
 
Figure 2.4. 6. DSC signal for baseline, standard sample, and a sample to be measured 
with respect to time and temperature. 
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2.5. Hall measurements 
The Hall Effect is the production of a voltage difference across an electrical 
conductor, transverse to an electric current in the conductor and a magnetic field 
perpendicular to current [17]. The voltage difference, also called Hall voltage, is 
produced due to deflection of charge carries by the Lorentz force. A simple sketch of Hall 
effect is shown in Fig. 2.5.1 which is used to measure the carrier concentration and 
mobility of the material.  
 
Figure 2.5. 1. Sketch for Hall measurement. 
 
If I is the current passed through the conductor of width w and thickness d, B is 
the magnetic field applied and VH is the Hall voltage produced, then the Hall coefficient 
is calculated by using a relation 
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BI
wVR HH        (2.5.1) 
and the carrier concentration is calculated by using equation 
ne
RH
1       (2.5.2) 
where e is the carrier charge. The electrical conductivity (σ) is found by measuring the 
voltage across the length of the conductor (l) by equation  
lI
twlV
.
..       (2.5.3) 
 
Then, mobility (µ) is calculated by equation 
ne
        (2.5.4) 
 
 
 
 
 
 
 
53 
 
2.6. References 
1. Harman, T. C. J. Apl. Phys. 1958, 29, 1373. 
2. Rowe, D. M. (Ed.) CRC Handbook of Thermoelectrics 1995, CRC Press, Boca 
Raton, FL, 157. 
3. Tritt, T. M., and Bowning, V. M. Semiconductors and Semimetals 2001, 69, 
Academic Press, San Diego, CA, 25. 
4. Harman, T. C. Thermoelectric Materials and Devices 1967, Reinhold. 
5. Rowe, D. M., and Bunce, R. W. J. Phys. E. 1971, 4, 902. 
6. Buist, R. J. Thermoelectric News 1991, Thermoelectric Technology, Inc., 6. 
7. Sze, S. M. Physics of Semiconductor Devices 1981, Wiley Inter-Science. 
8. Tritt, T. M. Recent Trends in Thermoelectrics YYYY……. 
9. Parker, W.J. et al. J. appl. phys. 1961, 32, 1679. 
10. Righini, F., and Cezarliyan, A. High Temp.-High Press. 1973, 5, 481. 
11. Taylor, R., and Maglic, K. D. Compendium of Thermophysical Property 
Measurement Methods 1984, 1, Plenium Press, NY, 305. 
12. R.D. Cowan, J. Appl. Phys. 1963, 34, 926. 
13. Taylor, R., and Clark, L. High Temp.-High Press. 1974, 6, 65. 
14. Clark, L., and Taylor, R. J. Appl. Phys. 1975, 46, 714. 
15. Koski, J. A. in Proc. Eighth symp. thermophysical prop. 1981, Vol II, Amer. Soc. 
Mech. Eng., NY.  
16. K. Kobayashi, J.S.M.E. II, 31, 1 (1991). 
17.  Hall, E. American journal of mathematics, 2, 287. 
54 
 
Chapter 3: Thermoelectric properties of nanostructured 
p-type silicon germanium (SiGe) bulk alloys 
 
 
 
 
3.1. Introduction 
Silicon germanium alloys (SiGe) have long been used in thermoelectric modules for 
deep-space missions to convert radio-isotope heat into electricity [1]. They also hold 
promise in terrestrial applications such as waste heat recovery [2-4]. Since the 1960’s, 
efforts have been made to improve the ZT of SiGe alloys [5-8], with the peak ZT of n-
type SiGe reaching 1 at 900 – 950 C.  However, the ZT of p-type SiGe has remained 
low.  Current space-flights run on p-type materials with a peak ZT ~ 0.5 and the best 
reported p-type material has a peak ZT of about 0.65 [8, 9]. In recent years, many studies 
have shown a significant enhancement of ZT in other material systems by a 
nanostructuring approach to reduce the thermal conductivity by scattering phonons more 
effectively than electrons at interfaces in superlattices [10-14] and in bulk materials, such 
as lead antimony silver telluride (LAST) alloys [15], and skutterudites [16] with an 
operating temperature up to 600C. We have been pursuing a nanostructured composite 
(nanocomposite) approach [17, 18] and achieved a 40% peak ZT improvement, from 1 to 
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1.4, in p-type nanostructured bulk bismuth antimony telluride with an operating 
temperature up to 250C [19]. For applications at around 1000C, such as for radio-
isotope thermoelectric generators (RTGs) used in space missions, SiGe alloys are among 
the best options.  Past work on microstructuring SiGe alloy showed only a 20% increase 
in the ZT of p-type SiGe with an optimal grain-size in the 2 – 5 m range, but the ZT is 
expected to decrease further when grain size is further reduced [20]. Here we show, using 
a low-cost and mass-production ball milling and direct-current induced hot press 
compaction process that a 50% improvement in the peak ZT, from 0.65 to 0.95 at 800 – 
900C is achieved in p-type nanostructured SiGe bulk alloys [21]. The ZT enhancement 
is due to a large reduction in the thermal conductivity while maintaining electron 
transport properties. Moreover, a modulation doping technique is applied in 
nanostructured p-type SiGe system to further improve ZT of the material by increasing 
the power factor.  
The main focus of this chapter is to study the preparation of nanostructured samples, 
their characterization, and optimization of the thermoelectric properties of p-type SiGe 
system to improve the performance of the material.  
 
3.2. Sample preparation and characterization 
3.2.1. Introduction 
Silicon (Si) and Germanium (Ge) are well known intrinsic semiconductors with band 
gap of 1.12eV and 0.7 eV respectively. Since their energy gap is high, these materials are 
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used for high temperature thermoelectric material. Si and Ge both have diamond cubic 
crystal structures with close crystal size. Moreover, Si and Ge form an alloy over an 
entire ratio as shown in phase diagram (Fig. 3.2.1) and the thermal conductivity of SiGe 
alloy is much lower than the individual Si or Ge (Fig. 3.2.2). For this reason, SiGe alloys 
are preferable for better thermoelectric materials. Since heavily doped semiconductors 
are better thermoelectric materials, boron (B) and Phosphorus (P) are doped in SiGe to 
make p- and n-type materials respectively. 
 
 
Figure 3.2. 1. Phase diagram of silicon germanium binary system. 
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Figure 3.2. 2. Variation of thermal conductivity of SiGe alloys with respect to germanium 
concentration. 
 
3.2.2. Preparation of p-type nanostructured SiGe alloy samples  
SiGe alloy nanopowder is prepared by a mechanical alloying technique through a 
solid state reaction. This process is employed by using a high energy ball milling 
technique where mechanical alloying and nanostructuring occurs basically through a 
sequence of collision events inside a high energy ball mill [1]. Although the average 
temperature inside the ball milling jar is normally less than 100 oC, the local temperature 
can be raised to the alloy temperature due to heat generated by collisions of the balls with 
the materials [1]. The ball milling process is simple and easy to handle, and also can be 
used to prepare impurity and oxygen free fine powder for oxygen-sensitive materials 
under argon environment. There are also some disadvantages to the ball milling process. 
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The materials might become amorphous after a long time of processing and also this 
method is not considered to be the best way of making well dispersed and uniformly 
small particles. But our goal is just to make nanostructured SiGe alloys with pure 
elements as starting materials.  
For fabrication of p-type material, boron (B) powder (99.99%, Aldrich) is added to 
silicon (Si) (99.99%, Alfa Aesar) and germanium (Ge) (99.99%, Alfa Aesar) chunks in 
the stainless steel jar containing stainless steel balls. These elements are weighted 
stoichmetically according to the required composition. The whole process is operated 
inside the argon protected Globe Box to reduce possible oxidation of the materials. These 
materials are then milled (Spex 8000) for 10 – 60 h to get the desired alloyed 
nanopowders. Figure 3.2.3 shows stainless steel jars and balls, and a ball milling machine 
(Spex 8000). Since the powder stick to the wall of the jar after a certain time and form a 
hard shell, then there is no effect of continues ball milling. Hence, we loosen the powder 
inside the glove box after certain interval of ball milling time.  
 
     
       Figure 3.2. 3. Stainless steel jars, balls, and a ball mill machine (Spex 8000M ). 
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Once the ball-mill process is done to get desired alloyed nanopowder, these nanopowders 
are consolidated into dense pellets by using dc-current controlled hot-press method. 
Figures 3.2.4 show a schematic diagram for the hot-press (a), a lab made hot-press 
system (b), and hot-pressed dense samples (c).  
 
 
 
 
 
 
 
 
As shown in fig 3.2.4 (a), the powder is loaded in a cylindrical hole of a 
graphite die and sealed with graphite rods on the top and bottom in a Globe Box. Then, 
the die with powder is put on a hot-press system (Fig. 3.2.4b). During hot-press, the 
nanopowder is compacted in dense pellets at 1130 oC, which is close to the melting point 
of the powder, in the presence of constant pressure of around 80 Mpa. The temperature of 
the sample is controlled by passing a dc current (200-2000A) through the sample. This dc 
current is passed through the plunger (graphite rod in the top of the die) to the powder 
and the sample is heated according to Joule’s heating principle. When the temperature 
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Figure 3.2. 4. Schematic pictures of hot-press method (a), Lab made hot-press system, and
consolidated samples of different size (c). 
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reaches 1130 oC, it is held for several minutes by adjusting the current to make sure that 
the pressed sample is uniformly dense. The density of the pressed pellets mainly depends 
on hot-press temperature and pressure. For B doped SiGe alloys, 1130 oC and 80 Mpa are 
the optimized hot-press temperature and pressure to get 100% dense samples with better 
thermoelectric properties. Then, these samples are cut into discs of 12 mm diameter with 
1 and 2 mm thickness for thermal conductivity measurement, and bars of sizes 2 mm × 2 
mm × 12 mm are used for electrical resistivity and Seebeck coefficient measurements. 
For Hall measurements, the sample is made with a 12 mm diameter with less than 0.7 
mm thickness, and for specific heat measurements, a 6 mm diameter and 0.5 mm thick 
sample is prepared. All of these samples are polished and cleaned before the 
measurements. 
The hot-press method has some advantages over traditional resistance furnace: 1.) 
The heating speed is fast, the sample can be heated up to 1130 oC in less than 5 minutes. 
2.) The cooling process is also quick; less than 5 minutes. Since the whole consolidation 
process takes less than 10 minutes, the possibility of grain growth in the sample is lower. 
 
3.2.3. Microstructure studies of ball milled power and hot-pressed 
samples 
The microstructure analysis of ball milled powders and hot-pressed samples are 
carried out using X-ray Diffraction (XRD), Tunneling Electron Microscopy (TEM), and 
Energy Dispersive Spectroscopy (EDS) to study their crystallinity, composition, 
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homogeneity, average grain size, and grain size distribution of the nano particles. These 
parameters significantly affect the thermoelectric properties of the final dense bulk 
samples. The volume mass densities of these samples were measured using an 
Archimedes’ kit. The specimens for TEM were prepared by dicing, polishing, and ion 
milling the dc hot pressed bulk samples. 
Figures 3.2.5 show XRD patterns of ball milled Si80Ge20B5 composition for different 
ball milling times, which clearly shows that the powder completely forms an alloy only 
after 30 hrs of ball milling. The single phase (alloy) of the ball milled powder can be 
confirmed by matching the XRD patterns with those obtained for Si80Ge20 alloys [1]. 
Moreover, the broadened diffraction peaks of the alloy phase indicate that the sizes of the 
particles are small. The mean size of the particles, calculated from XRD peaks using the 
Williamson-Hall method [22], hover around 15 nm. However, the XRD pattern for hot-
pressed samples of Si80Ge20B5 ball milled 30 hrs shows a narrow diffraction peak in 
comparison to the ball milled powder (Fig. 3.2.6) indicating a little bit grain growth 
during hot-press. 
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Figure 3.2. 5. XRD patterns of ball milled powder of Si80Ge20B5 composition for different 
ball milling time.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2. 6. XRD patterns of ball milled (red curve) and hot-pressed (blue curve) 
Si80Ge20B5 sample. 
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Figures 3.2.7 show the low- (a), medium- (b), and high-magnification (c) TEM 
images of 30 hrs ball milled Si80Ge20B5 powder composition. Figures 3.2.7 a&b clearly 
show that the powder consists of particles ranging from 20 to 200 nm. However, the 
selected area electron diffraction ring (inset of Fig. 3.2.7b) obtained inside a single 
particle indicates that the individual particles are themselves multi-crystalline. The high 
resolution TEM image (Fig. 3.2.7c) clearly shows that the big particles consist of grains 
up to 20 nm in size, which agrees fairly well with the size calculated from the XRD 
spectra (Fig. 3.2.5). Furthermore, even inside a single grain, many defects still exist (Fig. 
3.2.7c), because the nano grains were formed by a low temperature mechanical alloying 
process, and not by high temperature melting and solidification. 
 
 
Figure 3.2. 7. Low- (a), medium- (b), and high-magnification (c) TEM images of 30 hrs 
ball milled powder of Si80Ge20B5 composition. 
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Since the size and quality of the nanoparticles are essential features in reducing the 
thermal conductivity to achieve high ZT values, microstructure studies have also been 
carried out on the hot pressed nanostructured bulk samples using TEM (Fig. 3.2.8). The 
low magnification TEM image is presented in Fig. 3.2.8a, which shows dark dots 
distributed in the background, but both the dots and the background contain small-sized 
multi grains. A higher magnification TEM image (Fig. 3.2.8b) shows that the grains are 
indeed of nano size up to about 20 nm, similar to the size of the initial powder, indicating 
no significant grain growth occurring after the dc hot press process. A detailed crystal 
structure study (EDS) showed no compositional differences in the dark dots and in the 
background. The observed contrast non-uniformity may be due to the segregation of the 
dopant (boron). However, the EDS detector in our TEM is not sensitive enough to 
distinguish the boron concentration. Furthermore, these nano grains are highly 
crystalline, completely random (lattice planes oriented with different angles) (Fig. 
3.2.8c), closely packed (Fig. 3.2.8d), and have very clean boundaries (Fig. 3.2.8c-d), 
consistent with the measured high volume mass density.  
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Figure 3.2. 8. Low- (a), medium- (b), and high-magnification (c & d) TEM images of 
hot-pressed sample of 30 hrs ball milled Si80Ge20B5 composition. 
 
3.3. Optimization of ball milling time 
In this section, we have discussed the effects of ball milling time (alloying effect) on 
thermoelectric properties of p-type SiGe. Figure 3.3.1 shows the temperature dependent 
electrical resistivity (a), Seebeck coefficient (b), power factor (c), thermal conductivity 
(d), and ZT (e) of Si80Ge20B5 composition for different ball milling times (17, 22, 30 and 
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40 hours). Fig. 3.3.1a clearly shows that the electrical resistivity of Si80Ge20B5 increases 
as ball milling time increases whereas the Seebeck coefficient decreases with longer ball 
milling time (Fig. 3.3.1b) which in turn gives the lower power factor with longer ball 
milling time (Fig. 3.3.1c). This could be due to the decrease in mobility of charge carriers 
in defected crystals due to increased carrier scattering at the boundary of smaller particles 
after longer ball milling time. However, the thermal conductivity of Si80Ge20B5 reduces 
significantly for longer ball milling time (Fig 3.3.1d) giving higher ZT(Fig. 3.3.1e). This 
reduction of thermal conductivity comes from two reasons: one is due to the scattering of 
phonons at defects of the crystal formed by lattice distortion after the material is 
completely alloyed by 30 and 40 hours of ball milling (Fig. 3.2.3). The other reason is the 
scattering of phonons at the boundary of nano particles since the powder is 
nanostructured after 30 hours as shown in TEM image (Fig. 3.2.7). Figure 3.3.1e also 
indicates that the ZT of Si80Ge20B5 does not increase as the ball milling time increases 
after the powder gets alloyed (Fig. 3.3.1e). This is due to the reduced power factor (Fig. 
3.3.1c) and almost the same thermal conductivity (Fig. 3.3.1d) with increasing ball 
milling time once the powder gets alloyed. The power factor reduction after a longer ball 
milling time could be due to a decrease in mobility by increasing the imperfections in 
sample.  
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Figure 3.3. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) of Si80Ge20B5 composition for 
different ball milling time. 
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 In conclusion, the optimized ball milling time for the best ZT of Si80Ge20B5 
composition is around 30 hours at which the ball milled powder just becomes alloyed. 
Moreover, ball milling optimization is also carried out for different B concentration in 
Si80Ge20 alloys and for different Si-Ge ratios. For all compositions, the powder becomes 
alloyed after 30 hours and has the best thermoelectric properties. 
 
3.4. Optimization of boron concentration and Si-Ge ratio 
In particular; extensive work has been done in pursuing small-grained silicon 
germanium (SiGe) to reduce the thermal conductivity, but the study of Si/Ge ratio and 
dopant (Boron) concentration in SiGe alloys is equally important in order to achieve the 
high ZT with low cost for practical applications. Since the thermal conductivity of SiGe 
alloy is very high with very low or high content of Ge (Fig. 3.2.2) and a large amount of 
Ge makes the material too expensive for practical applications, the Si/Ge ratio should be 
optimized for lower amounts of germanium to get high ZT values. Not only is the study 
of Si/Ge ratio important but so is the effect of dopant (Boron, B) concentration in SiGe 
alloys, which is important to improve ZT since the solid solubility limit of B in SiGe 
alloys is only around 1.5%.  However, higher amounts of B could make defects in SiGe 
alloys helping to further reduce thermal conductivity. In this section, we discuss the 
effects of Ge and dopant (B) concentrations in p-type SiGe alloys.  
We have measured the thermoelectric properties of highly dense boron doped SiGe 
alloy samples for different concentrations of Ge. Figure 3.4.1 shows the temperature 
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dependent electrical resistivity (a), Seebeck coefficient (b), power factor (c), thermal 
conductivity (d) and ZT (e) of 5% B doped (p-type) SiGe alloys for different 
concentrations of Ge. The electrical resistivity and Seebeck coefficient of all SiGe alloys 
increase monotonically with increasing temperature, but decrease with increasing Ge 
concentration (Figs. 3.4.1a & b). The relatively higher Seebeck coefficient for lower Ge 
concentration could be due to an enhancement of the scattering parameter caused by alloy 
and/or dopant segregation. This is because dopants tend to become electrically more 
active in Ge rich region caused by alloy segregation, since the ionization energy of boron 
in Ge is much lower than that in Si. Since the mobility and carrier density, from Hall 
measurements, for highly doped SiGe alloys are almost the same or relatively higher for 
higher content of Ge (Fig. 3.4.2a & b), the electrical resistivity is lower for higher 
concentration of Ge (Fig. 3.4.1a). As a result, the maximum power factor is observed in 
SiGe alloys with 20% Ge over all temperature ranges of interest (Fig. 3.4.1c). However, 
the thermal conductivity decreases as germanium content increases up to 15% and almost 
remains the same up to 30% (Fig. 3.4.1d), which is in close agreement with Fig. 3.2.2, 
giving the highest ZT for 20% of Ge over the entire range of temperatures Fig. (3.4.1e). 
The reduction of thermal conductivity is due to increased phonon scattering at the 
numerous interfaces of Si and Ge which are present with increasing Ge concentration, 
and increased alloy scattering. As a result, the maximum peak ZT of 0.95 is observed at 
850 – 900 oC for SiGe alloy with 20% Ge (Fig. 3.4.1e). The variation of peak ZT for 
different concentrations of Ge in SiGe alloys is shown in Figure 3.4.3. Figure 3.4.3 
clearly shows that the p-type Si80Ge20 alloy is the optimized Si/Ge ratio for highest ZT 
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values. 
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Figure 3.4. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) of 5% B doped (p-type) SiGe alloys 
for different concentrations of Ge. 
 
 
Figure 3.4. 2. Mobility (a), and carrier concentration (b) of SiGe alloys for different 
concentration of germanium. 
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Figure 3.4. 3. Variation of peak ZT of B doped SiGe alloys with respect to Ge 
concentration. 
 
Furthermore, we have also studied the variation of dopant (B) atomic concentrations 
from 1-6 % in the best SiGe alloys, i.e. Si80Ge20 alloys. Figure 3.4.4 shows the 
temperature dependent electrical resistivity (a), Seebeck coefficient (b), power factor (c), 
thermal conductivity (d) and ZT (e) of p-type Si80Ge20 alloys for 1-6% atomic 
concentrations of B. Figure 3.4.4a clearly shows that the electrical resistivity of B doped 
Si80Ge20 alloys increases with higher concentration of B but after 4% atomic 
concentration, the electrical resistivity becomes higher., whereas the Seebeck coefficient 
of B doped Si80Ge20 alloys decreases as B concentration increases up to 4% but after that 
again increases with B concentration (Fig. 3.4.4b). This could be due to the increase in 
carrier concentration with increasing B concentration but after a certain concentration of 
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B, the scattering of carriers with ionized or unionized dopant atoms could be dominant. 
As a result, the power factor of Si80Ge20 alloys with 5% atomic concentration of B is the 
highest in comparison to other concentrations of B (Fig. 3.4.4c). However, the thermal 
conductivity of Si80Ge20 alloys decreases with increasing B concentration, but starts to 
increase again after 3% atom concentration of B (Fig. 3.4.4d). This could be due to low 
concentration of defects with lower B and higher concentration of carriers for higher B, 
making higher thermal conductivity. The maximum ZT is observed for 5% B in Si80Ge20 
over all the range of temperatures of interest with a peak ZT value around 0.95 at 900 oC 
(Fig. 3.4.4e).  
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Figure 3.4. 4. Temperature dependence of the electrical resistivity (a), Seebeck coefficient 
(b), power factor (c), thermal conductivity (d) and ZT (e) of p-type Si80Ge20 alloys for 1-6 
% atom concentrations of B. 
In summary, we have optimized the Si-Ge ratio and B concentrations to improve the 
ZT of p-type SiGe alloys. The peak ZT of around 0.95 is observed for composition 
Si80Ge20B5 due to the fact that it has the highest power factor and lowest thermal 
conductivity among all compositions. 
 
3.5. Density Effect  
Thermoelectric properties of p-type SiGe alloys are significantly affected by the 
density of the sample, where the density of a sample is dependent on the hot-press 
temperature and pressure. In this section, the effect of density on thermoelectric 
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properties of p-type SiGe alloy is discussed. Figure 3.5.1 shows the temperature 
dependent electrical resistivity (a), Seebeck coefficient (b), power factor (c), thermal 
conductivity (d) and ZT (e) of Si80Ge20B5 samples with different densities. Figure 3.5.1a 
& b clearly show that the electrical resistivity and Seebeck coefficient of Si80Ge20B5 
samples decrease when increasing the density of the samples, giving a higher power 
factor for higher density samples (Fig. 3.5.1c). The decrease in resistivity with increasing 
density is due to the increase in carrier concentration and mobility for higher density 
material (Fig. 3.5.2) whereas the decrease in Seebeck coefficient for higher density could 
be due to an increase in carrier concentration. However, the thermal conductivity of 
Si80Ge20B5 samples increases by increasing the density of the samples giving (Fig. 
3.5.1d) giving ZT values within 10% for all samples (Fig. 3.5.1e). The increase in 
thermal conductivity with higher density is due to an increase in carrier contribution. 
All in all, it is concluded that the density of a sample could affect the individual 
thermoelectric properties of the sample but does not affect the ZT values significantly.  
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Figure 3.5. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b),
power factor (c), thermal conductivity (d) and ZT (e) of Si80Ge20B5 samples with 
different densities. 
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3.6. ZT improvement in nanostructured samples 
With all optimizations discussed in the above sections, we observed a peak ZT value 
of about 0.95 at 900 – 950 C in nanostructured Si80Ge20B5 samples which were initially 
prepared by a dc hot-press of mechanically alloyed SiGe nanopowders. In this section, 
the thermoelectric properties of the best observed nanostructured sample are presented in 
comparison to the RTG SiGe alloys which are currently used in space flight missions.  
Figure 3.6.1 shows the temperature dependent electrical resistivity (a), Seebeck 
coefficient (b), power factor (c), thermal conductivity (d) and ZT (e) of nanostructured 
Si80Ge20B5 samples in comparison to RTG SiGe alloys. It is clear from Fig. 3.6.1a-c that 
the electrical properties can be maintained, with a power factor comparable to that of 
RTG samples. Although in different temperature ranges, the electronic properties 
(electrical conductivity and Seebeck coefficient) can be below or above that of RTG 
values, we caution that it is well-known that in SiGe samples, dopant precipitation occurs 
below ~600oC and hence low temperature properties depend on the thermal history of the 
samples. More important, the thermal conductivity of the nanostructured bulk samples is 
much lower than that of the RTG samples (Fig. 3.6.1d) over the whole temperature range 
up to 1000C, which led to a peak ZT of about 0.95 in our nanostructured bulk samples 
Si80Ge20 (Fig. 3.6.1e). Such a peak ZT value is about a 90% improvement over that of the 
p-type RTG SiGe alloy currently used in space missions, and 50% above that of the 
reported record value [8, 9]. The significant reduction of the thermal conductivity in the 
nanostructured samples is mainly due to the increased phonon scattering at the numerous 
interfaces of the random nanostructures. Since the total thermal conductivity (κ) contains 
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contributions from both the carriers (κca) and phonons (κph) (κ = κca + κph), and since the 
electrical conductivity of the nanostructured bulk sample is similar to that of the RTG 
sample, the actual phonon thermal conductivity reduction is at least a factor of two based 
on the experimental data shown in Fig. 3.6.1d. 
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Figure 3.6. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) of nanostructured Si80Ge20B5 
samples in comparison to RTG SiGe alloys. 
 
3.7. Thermal stability 
A serious concern in nanostructured materials is grain growth over an extended 
period of time at the temperatures at which these materials are generally used. We carried 
out a thermal stability test by heat treatment of the nanostructured bulk samples at 
1100°C for different time durations. Figure 3.7.1 show the temperature dependent 
electrical resistivity (a), Seebeck coefficient (b), power factor (c), thermal conductivity 
(d) and ZT (e) of annealed Si80Ge20B5 samples in comparison to the samples before 
annealing. Figures 3.7.1 clearly show that there is not any noticeable property 
degradation due to annealing up to 7 days. The unchanged thermal conductivity after 
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annealing indicates no significant grain growth under these conditions. The reason why 
there is no grain growth at such a high temperature is probably because the grains are 
similar in size and their random crystalline directions prevent grain growth.  
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Figure 3.7. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) of annealed Si80Ge20B5 samples in 
comparison to the samples before annealing. 
 
3.8. Conclusion 
In conclusion, we have applied the nanostructured composite concept to make p-type 
nanostructured bulk alloy Si80Ge20 to demonstrate a significantly enhanced ZT of about 1 
at 800 – 900C. This enhancement in ZT comes mainly from a reduction of the thermal 
conductivity due to the increased phonon scattering from the high density nanograin 
interfaces in the nanocomposite. This nanostructure approach is applicable to many other 
thermoelectric materials that are useful for automotive, industrial waste heat recovery, 
space power generation, or solar power conversion applications. 
82 
 
3.9. References 
1.  Rowe, D. M., Eds.; CRC Handbook of Thermoelectrics, Boca Raton, 1995. 
2.  Ioffe, A. F. Physics of Semiconductors, New York, 1960. 
3.  Slack, G. A. ; Hussain, M. A. J. Appl. Phys. 1991,70, 2694. 
4.  Vining, C. B. J. Appl. Phys. 1991, 69, 331. 
5.  Abeles, B. Phys. Rev. 1963, 131, 1906. 
6. Abrikosov, N. K. ; Zemskov, V. S. ; Iordanishvili, E. K. ; Petrov, A. V. ;  
Rozhdestvenskaya, V. V. Sov. Phys. Semicond. 1968, 2, 1762. 
7.  Rowe, D. M.; Shukla, V. S. ; Savvides, N. Nature 1981, 290, 765. 
8.  Dismukes, J. P.; Ekstrom, L.; Steigmeier, E. F.; Kudman, I. ; Beers, D. S. J. Appl. 
Phys. 1964, 35, 2899. 
9.  Vining, C. B.; Laskow, W.; Hanson, J. O.; Beck, V. D. ; Gorsuch, P. D. J. Appl. Phys. 
1990, 69, 4333. 
10. Chen, G. Phys. Rev. B 1998, 57, 14958. 
11.  Koga, T.; Cronin, S. B.; Dresselhaus, M. S.; Liu, J. L. ; Wang, K. L. Appl. Phys. Lett. 
2000, 77, 1490. 
12. Venkatasubramanian, R.; Siivola, E.; Colpitts, T. ; O’Quinn, B. Nature 2001, 413, 
597. 
13.  Harman, T. C.; Taylor, P. J.; Walsh, M. P. ; Forge, B. E. Science 2002, 297, 2229. 
14.  Woochul, K. et al. Phys. Rev. Lett. 2006, 96, 045901. 
15.  Hsu, K. F. et al. Science 2004, 303, 818. 
16.  Fleurial, J. P. ; Caillat, T. ; Borshchevsky, A. In proceedings of the 13th  International 
83 
 
Conference on Thermoelectrics, New York, 1995, 40. 
17.  Yang, R. G.; Chen, G. Phys. Rev. B 2004, 69, 195316.  
18.  Dresselhaus, M. S. et al.  Adv. Mater. 2007, 19, 1043. 
19.   Poudel, B. et al. Science 2008, 320, 634. 
20.  Rowe, D. M.; Fu, L. W. ; Williams, S. G. K.  J. of Appl. Phys. 1993, 73, 4683. 
21.  Joshi, G. et al. Nanoletters 2008, 8, 4670. 
23.  Williamson, G. K. ; Hall, W. H.  Acta Metal. 1953, 1, 22. 
 
 
 
 
 
 
 
 
 
 
 
 
84 
 
Chapter 4: Modulation doping and double doping in p-
type SiGe alloys 
 
 
 
4.1. Introduction 
In recent years, many studies have shown that the ZT of different material systems 
can be improved via nanostructuring. The enhancement in ZT in these systems is 
primarily due to the large reduction of lattice thermal conductivity by boundary scattering 
of phonons while the power factor (S2σ) is maintained or only slightly reduced [1-8]. In 
the previous chapter, the nanostructuring approach is discussed in detail to improve the 
ZT of p-type SiGe alloys [9]. As the thermal conductivity has already been significantly 
reduced using the nanostructuring approach, a power factor enhancement is imperative to 
further improve ZT.  Approaches to increase power factors include quantum size effects 
[10] and resonant energy levels [11], both of which exploit enhancements in the 
electronic density of states to increase the Seebeck coefficient.   Here, we introduce a 
modulation doping approach that uses an improvement of carrier mobility to increase the 
electrical conductivity. Modulation doping is widely used in microelectronics and 
photonic devices.  In modulation-doping, charge carriers are spatially separated from 
their parent impurity atoms to reduce the influence of the ionized and neutral impurity 
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scattering, increasing the mobility of the charge carriers [12, 13].  For example, dopants 
are incorporated into the barriers of a quantum well instead of inside the well.   Although 
modulation doping is so far used only in thin film structures, we believe that the concept 
can be beneficial for nanocomposite-based thermoelectric materials by incorporating 
dopants into one type of nanoparticle, mixing these nanoparticles with another type of 
undoped nanoparticle, and pressing the mixture into a bulk material, charge carriers can 
spill over to the surrounding matrix while the ionized dopant atoms remain spatially 
segregated.   Even if the nanoparticles are randomly distributed, such a doping scheme, 
which we will call modulation doping, could still benefit thermoelectric transport. This is 
because thermoelectric materials are usually heavily doped and the effective electron 
mean free path is short due to the large ionized impurity scattering rate. For example, in 
SiGe doped at 1020 cm-3, the electron mean free path is on the order of 2-5 nm [14].  By 
using the modulation doping concept, the ionized impurity scattering rate can be 
decreased, leading to improved carrier mobility and a larger power factor. In this chapter, 
the modulation doping approach is applied in p-type SiGe alloys to improve the ZT.  
Moreover, different elements and compounds are also doped into nanostructured p-
type (boron doped) SiGe alloys to enhance the ZT further. The basic idea of double 
doping materials is to reduce thermal conductivity by increasing phonon scattering or to 
increase the power factor by increasing the Seebeck coefficient through resonant 
scattering and low energy carrier filtering.  
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4.2. Modulation doping 
In this Section, we discuss the experimental implementation of modulation doping 
techniques in two ways. In one process, doped nanoparticles (5% B in Si, Si100B5) are 
mixed in undoped nanoparticles of host (SiGe alloys) to increase the mobility, where in 
other process, a nanomaterial (Ni2Si, NiSi2, CoSi2) is mixed in undoped nanoparticles of 
host (SiGe alloys) to create the carriers and increase the mobility of both. The detailed 
experimental process and results are presented in following sub-sections. 
 
4.2.1. Mixing of Si100B5 in SiGe alloys  
In this process, the boron (B) doped pure Si (5% B in Si, Si100B5) is the dopant 
nanoparticles, and nanostructured Si80Ge20 alloy is the undoped host. These 
nanostructured materials are prepared by ball milling of 30 hrs in separate ball milling 
jars. Then, both nanoparticles are mixed in a certain ratio by using a ball milling or 
mixing machine.  After mixing, the carriers from Si100B5 move to Si80Ge20 increasing the 
mobility of the carriers due to reduction of ionized impurity scattering. This in turn 
increases the electrical conductivity without much affecting the Seebeck coefficient and, 
hence the power factor is improved. If we maintain the thermal conductivity at the same 
value, then the overall ZT could be improved.  
We have studied the 10 to 40% variation of Si100B5 in Si80Ge20 alloy. Figure 4.2.1 
shows the temperature dependent electrical resistivity (a), Seebeck coefficient (b), power 
factor (c), thermal conductivity (d), and ZT (e) of different concentrations of Si100B5 in 
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Si80Ge20 alloys. The electrical resistivity and Seebeck coefficient both decrease as the 
concentration of Si100B5 increases (Fig. 4.2.1a & b) making the power factor almost the 
same up to 500 oC (Fig. 4.2.1c) but, the power factor increases after 500 oC for higher 
concentrations of Si100B5 (Fig. 4.2.1c). This could be due to the higher mobility in the 
large content of Si in the material as we expected. However, the thermal conductivity 
increases as the concentration of Si100B5 increases (Fig. 4.2.1d), which could be due to 
the decrease in Ge content, since the thermal conductivity of SiGe is lowest for 15 to 
80% of Ge. As a result, the maximum peak ZT of 0.92 is obtained at 900 oC for 30% of 
Si100B5 (Fig. 4.2.1e), even though the thermal conductivity is higher (Fig. 4.2.1d). This 
indicates that the high value of ZT in the modulation doping technique is mainly due to 
the increase in the power factor by increasing mobility, as we expected. 
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Figure 4.2. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) for different concentrations of 
Si100B5 in Si80Ge20 alloy. 
 
To further confirm the increase in power factor by increasing mobility in modulation 
doping technique, we have studied the thermoelectric properties of a uniformly alloyed 
sample of composition Si86Ge14B1.5 which has same amount of Si, Ge and B as in the 
89 
 
modulation doping sample of composition Si80Ge20 (70%) + Si100B5 (30%). Figure 4.2.2 
shows the temperature dependent electrical resistivity (a), Seebeck coefficient (b), power 
factor (c), thermal conductivity (d) and ZT (e) of the sample made using the modulation 
doping technique in comparison to a uniformly alloyed sample. The electrical resistivity 
of the sample of modulation doping is lower than the uniformly alloyed sample (Fig. 
4.2.2a) whereas the Seebeck coefficient did not increase due to modulation doping as we 
expected (Fig. 4.2.2b), but the power factor for the modulation doping sample is higher in 
comparison to the uniformly alloyed sample (Fig. 4.2.2c). The decrease in resistivity is 
due to the increase in mobility and carrier concentration in the modulation doping sample 
(Table 4.2.1). The increase in mobility is due to modulation techniques but the increase in 
carrier concentration could be due to the higher hot-press temperature (1230 oC) for 
modulation doping samples in comparison to hot-press temperature of uniformly alloyed 
samples (1130 oC). However, the thermal conductivity of modulation doping samples is 
higher than that of uniformly alloyed samples (Fig. 4.2.2d) giving almost the same ZT for 
both samples (Fig. 4.2.2e). The increase in thermal conductivity could be due to the 
diffusion of carriers in the SiGe matrix which we have not assumed or due to non-
uniform mixing, or it could be due to lack of point defects. As a result, the peak ZT of 
0.92 is achieved by modulation technique which is mainly contributed to by the increased 
power factor, but due to increase of thermal conductivity, the overall ZT is not improved.  
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Figure 4.2. 2. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) of Si80Ge20 (70%) + Si100B5 (30%) 
sample in comparison to uniformly alloyed Si86Ge14B1.5 sample. 
91 
 
Table 4.2.1. Room temoerature mobility and carrier concentration of Si86Ge14B1.5 and 
Si80Ge20 (70%) + Si100B5 (30%) samples 
Sample Room temperature 
mobility (cm2/V.s) 
Room temperature carrier
concentration (cm-3) 
Si86Ge14B1.5 21.9 2.89×1020 
Si80Ge20 (70%) + Si100B5 (30%) 35.3 4.02×1020 
 
Then, to reduce the thermal conductivity, we mixed Si100B5 in Si70Ge30 alloy since 
the thermal conductivity for higher Ge content is lower. Figure 4.2.3 shows the 
temperature dependence of the electrical resistivity (a), Seebeck coefficient (b), power 
factor (c), thermal conductivity (d) and ZT (e) of samples made from mixing Si100B5 in 
Si80Ge20 and Si70Ge30 alloys. Due to the increase in Ge content, the electrical resistivity 
for Si70Ge30 alloys is lower than that for Si80Ge20 alloys (Fig. 4.2.3a), whereas the 
Seebeck coefficient for Si70Ge30 alloys is a little bit higher than that for Si80Ge20 alloys 
(Fig. 4.2.3b) giving a little bit lower power factor for Si70Ge30 alloys (Fig. 4.2.3c).  
However, due to lower thermal conductivity of Si70Ge30 alloys in comparison to Si80Ge20 
alloys (Fig. 4.2.3d) because of higher amount of Ge, no improvement in ZT (Fig. 4.2.3e) 
was observed. We also mixed Ge100B5 and Ge100B10 in Si80Ge20 in different ratios since 
thermal conductivity of Ge is lower than Si but the ZT is not improved in comparison to 
Si80Ge20 (70%) + Si100B5 (30%) sample even though individual thermoelectric properties 
change.  
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Figure 4.2. 3. Temperature dependence of the electrical resistivity (a), Seebeck coefficient 
(b), power factor (c), thermal conductivity (d) and ZT (e) of samples made from mixing 
of Si100B5 in Si80Ge20 and Si70Ge30 alloys. 
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 We have also studied the microstructure of both uniformly alloyed and 
modulation doping samples by using TEM but there is no significant difference in 
particle size and crystal structure (Fig. 4.2.4) of samples from modulation doping and 
uniformly alloying, meaning the increase in thermal conductivity in the modulation 
doping sample is not due to particle size.  
 
 
   
Figure 4.2. 4. TEM images of modulation doping sample (a & b) and uniformly alloyed 
sample (c & d). 
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4.2.2. Mixing of silicides (Ni2Si, NiSi2, CoSi2) in SiGe alloys 
The idea behind modulation doping is to get carriers in the material without doping. 
The scattering from the modulation doped areas is expected to be weaker than ionized 
impurity scattering, increasing the mobility. One way we thought to do this is to put 
silicides in the SiGe matrix. The basic idea of adding silicides in p-type SiGe alloys is to 
create carries in the undoped SiGe matrix so that the mobility of these carries is also 
increased to increase the power factor. The reasons behind to choice of these silicides are 
that they have a similar lattice constant to SiGe and they are more chemically stable to 
remain clumped together and not diffuse into the Si. The work function of these silicides 
is ~5eV while the Fermi level for highly doped p-type SiGe is 4eV (electron affinity) + 
(0.8-1eV) (band gap). Since the Fermi level is a little bit higher in the SiGe than in these 
silicides, the electrons in the valence band of SiGe should fall into the silicide particles, 
leaving behind holes in SiGe matrix. Since the created holes can move in SiGe without 
ionized/unionized impurity scattering, the mobility of these carriers increases according 
to modulation doping. We doped all three silicides but only Ni2Si worked according to 
our expectation, NiSi2 and CoSi2 did not work. In experiments, Si80Ge20B0.2 and 
Si60Ge40B0.2 alloys are mixed separately with Nickel silicide (Ni2Si) for 20 minutes by 
Spex (High energy ball milling machine) so that the electrons from SiGe alloys jump to 
Ni2Si creating holes in SiGe alloys, because the energy levels of Ni2Si are lower than that 
of SiGe alloys. Little amounts of B is added for pressing purposes. Figure 4.2.5 shows the 
temperature dependence of the electrical resistivity (a), Seebeck coefficient (b), power 
factor (c), thermal conductivity (d) and ZT (e) of samples made by mixing Si80Ge20B0.2 or 
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Si60Ge40B0.2 with different concentrations of Ni2Si in comparison to Si80Ge20B0.2 alloy. 
Figure 4.2.5a clearly shows that the electrical resistivity of all samples with Ni2Si is much 
lower than that of sample without Ni2Si. The decrease in resistivity is due to the creation 
of holes due to the addition of Ni2Si and increase in mobility (Fig. 4.2.6a &b), as we 
expected. Since the carrier concentration for samples with Ni2Si is higher than that of 
Si80Ge20B0.2 alloy, the Seebeck coefficient for Ni2Si doped samples is lower than that of 
Si80Ge20B0.2 alloy sample (Fig. 4.2.5b) making the power factor higher for Ni2Si doped 
samples (Fig. 4.2.5c). However, the thermal conductivity of samples with Ni2Si is higher 
than that of Si80Ge20B0.2 alloy sample (Fig. 4.2.5d), which may be due to higher 
electronic contribution or mixing of materials or due to the absence of point defects. As a 
result, the ZT of samples with Ni2Si is higher than that of Si80Ge20B0.2 alloy sample with 
a peak ZT of 0.45 at 850 oC (Fig. 4.2.5e), but not high enough to compete with our best 
peak ZT value (0.95) due to lower power factor values.  
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Figure 4.2. 5. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) of samples made by mixing of 
Si80Ge20B0.2 or Si60Ge40B0.2 with different concentrations of Ni2Si in comparison to 
Si80Ge20B0.2 alloy. 
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Figure 4.2. 6. Temperature dependent carrier concentration (a) and mobility (b) of 
Si80Ge20B0.2 + Ni2Si (3.5%) and Si60Ge40B0.2 + Ni2Si (3.5%) samples. 
 
4.3. Double doping in p-type SiGe alloys 
 By using the nanocomposite approach, we have enhanced the peak ZT of p-type 
SiGe alloys to 0.95. The enhancement in ZT is mainly due to the reduction of thermal 
conductivity by increased phonon scattering at the grain boundaries of nanostructures. 
Moreover, a modulation technique is applied to improve the ZT of p-type SiGe alloys by 
increasing the power factor but the overall ZT is not improved due to an increase in 
thermal conductivity. Now to improve ZT of p-type SiGe further, we doped other 
different elements and compounds in SiGe alloys in addition to boron (B). The main 
purpose of doping two elements or compounds is either to increase the power factor by 
increasing the Seebeck coefficient through low energy filtering effects or to decrease 
thermal conductivity by scattering more phonons through different scattering centers. In 
this section, we discuss the thermoelectric properties of different doping elements and 
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compounds in boron doped SiGe alloys.   
In B doped SiGe alloys, we have also used Indium (In), Aluminum (Al), Ytterbium 
(Yb), Nickel (Ni) and Magnesium boride (MgB2) as dopants and scattering centers in 
SiGe alloys. Figure 4.3.1 shows the temperature dependence of the electrical resistivity 
(a), Seebeck coefficient (b), power factor (c), thermal conductivity (d) and ZT (e) of 
Si80Ge20B5 alloys with other dopants In, Al, Yb and Mg in comparison with Si80Ge20B5 
alloy. The electrical resistivity of double doped Si80Ge20B5 alloys, except In, is higher in 
comparison to Si80Ge20B5 alloy but for In doping, the resistivity is almost same as 
Si80Ge20B5 alloy (Fig. 4.3.1a). This could be due to more scattering of carriers by other 
dopants (Al. Yb, Mg) than in Si80Ge20B5 alloy or In doped Si80Ge20B5 alloy, and hence, 
the Seebeck coefficient for Si80Ge20B5 alloy with these dopants is higher than that for 
Si80Ge20B5 alloy, (Fig. 4.3.1b) giving almost the same power factor for In doping but a 
lower power factor for other doping (Al, Yb, Mg) (Fig. 4.3.1c). Moreover, the thermal 
conductivity of all double doped Si80Ge20B5 alloys is higher in comparison to that of 
Si80Ge20B5 alloy (Fig. 4.3.1d) making no improvement in ZT than what was observed for 
Si80Ge20B5 alloy (Fig. 4.3.1e). The increase in thermal conductivity for Si80Ge20B5 alloys 
with In, Al, Yb and Mg could be due to melting of these poor metals which could carry 
more heat making higher thermal conductivity. 
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Figure 4.3. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) of Si80Ge20B5 alloys with other 
dopants In, Al, Yb and Mg in comparison with Si80Ge20B5 alloy. 
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 We have also doped Ni and B in SiGe alloys. Figure 4.3.2 shows the temperature 
dependence of the electrical resistivity (a), Seebeck coefficient (b), power factor (c), 
thermal conductivity (d) and ZT (e) of SiGe alloys with B and Ni doping in comparison to 
that of SiGe alloys without Ni. The electrical resistivity of Ni and B doped SiGe alloys is 
significantly lower than that of only B doped SiGe alloy (Fig. 4.3.2a) whereas the 
Seebeck coefficient is lower for Ni and B doped SiGe alloys (Fig. 4.3.2b). This could be 
due to the formation of nickel silicides which help to create holes in SiGe alloys, since 
the energy levels of nickel silicides are lower than that of valance bands of SiGe alloys, 
or it simply could be due to dopant behavior. The power factors for Ni and B doped SiGe 
alloys are significantly higher in comparison to only B doped SiGe alloys (Fig. 4.3.2c). 
However, the thermal conductivity for Ni and B doped SiGe alloys is higher than that of 
only B doped SiGe alloy (Fig. 4.3.2d) giving a peak ZT of 0.87 for Si65Ge35B1Ni1 alloy 
(Fig. 4.3.2e), which is lower than that of our best peak ZT value (0.95). 
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Figure 4.3. 2. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d) and ZT (e) of SiGe alloys with B and Ni doping 
in comparison to that of SiGe alloys without Ni. 
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4.4. Conclusion 
In summary, modulation doping technique is used to improve the power factor of p-
type SiGe alloys by increasing the mobility due to reduction of ionized impurity 
scattering. However, the ZT is not improved due to an increase in thermal conductivity. 
Moreover, different doping elements and compounds are doped in B doped SiGe (p-type) 
as dopants or scattering centers to increase the power factor and decrease the thermal 
conductivity. We could improve the power factor by double doping with Ni, and In, but 
due to increases in thermal conductivity, we could not improve the overall ZT of p-type 
SiGe alloys. The other dopants such as Yb, Al and Mg did not work. 
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Chapter 5: Thermoelectric properties of Bismuth 
Telluride based alloys 
 
 
 
 
 
 
5.1 Introduction 
Bismuth Telluride (BiTe) based alloys are the best thermoelectric materials for 
low temperature applications such as refrigeration and power generation from room 
temperature to 200 oC [1].  Since 1950, extensive efforts has been used on improving ZT 
of these materials, however, the peak ZT of commercially available Bi2Te3 and its alloys, 
such as BixSb2-xTe3 (p-type) and Bi2SexTe3-x (n-type) has remained at 1 [2]. Over the past 
decade, an enhanced ZT was reported in superlattices such as Bi2Te3/Sb2Te3 [3,4], but it 
is very difficult to use them for large scale energy conversion applications due to their 
limitations in both heat transfer and cost. The enhanced ZT of these superlattices is 
mainly due to reduction in thermal conductivity in low dimensional structures. Later, the 
concept of nanostructures for thermal conductivity reduction has been realized in bulk 
nanostructured Bi0.4Sb1.6Te3 (p-type) and Bi2Te2.7Se0.3 (n-type) alloys to improve the ZT 
significantly [5-7]. The reported peak ZT of p-type BiTe is 1.4 at 100 oC [4] and that of n-
type is 1.04 at 100 oC [6]. These bulk nanostructured materials were prepared by using 
mechanical alloying and hot-press methods [6]. The ZT of the n-type material is achieved 
106 
 
by re-pressing the initially hot-pressed sample to get a better orientation in the 
perpendicular direction to the hot-press [7] but the ZT is still lower in comparison to p-
type materials.  In this work, we have tried to improve the ZT of n-type materials and also 
of p-type materials by doping different elements and compounds. The main purpose of 
doping these elements and compounds is to increase electrical conductivity without 
suffering loss in the Seebeck coefficient, and to reduce the thermal conductivity by 
increasing phonon scattering or reducing the grain growth. However, we did not observe 
any significant improvement in ZT even though there were some individual properties 
improvements. 
Moreover, we have also studied the repeatability and thermal stability of the 
thermoelectric properties of p- and n-type BiTe samples since these are the important 
factors for use of the thermoelectric materials at an application level. We have found that 
the p-type material (Bi0.4Sb1.6Te3) is repeatable but thermally unstable, whereas, n-type 
material (Bi2Te2.7Se0.3) is thermally stable but hard to repeat. In this chapter, we also 
show that these problems can be minimized by using some external dopants. 
 
5.2. General properties of Bi2Te3 
The crystal structure of bismuth telluride (Bi2Te3) is rhombohedral with 
)3(53 mRD d  space group [8]. However, it is easy to represent this structure by a hexagonal 
cell which is formed by stacking the layers of different atoms, perpendicular to the c-axis, 
in a sequence   
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-Te(1)-Bi-Te(2)-Bi-Te(1)-. 
Here, superscripts of Te refer to the two types of bonding. The bonds in Te(1)-Bi-Te(2) are 
strong covalent-ionic bonds whereas the bond of Te(1)-Te(1) is a weak Vander Walls bond. 
This sequence is called a quintet and three of these quintets form a hexagonal cell. The 
lamellar structure and a weak Te(1)-Te(1) bond between quintets is responsible for the easy 
cleavage along the basal planes, perpendicular to c-axis. Since the lattice constants of unit 
hexagonal cell are 
oo
AcAa 360.30,384.4   at 77K, the transport properties of this 
material possess a strong anisotropy. Moreover, Bi2Te3 has a multi valley type band 
structure with six valleys for both n-and p-type. The indirect bang gap of Bi2Te3 is 0.13 
eV at 300K.  
 Since the carriers in Bi2Te3 are controlled by defects and impurities, it is a p-type 
material in single crystal form and n-type in ball milled and hot-pressed nano bulk form. 
To make strong p-type materials, Bi atoms should be replaced by Sb atoms, whereas, Te 
atoms should be replaced by Se to make strong n-type. Bi0.4Sb1.6Te3 and Bi2Te2.7Se0.3 
alloys are the optimized p- and n-type BiTe materials that give the highest ZT values [5-
7]. In these materials, the carriers mainly come from antisite defects and vacancies; there 
is a possibility to have difficulties in repeatability and thermal stability. In the following 
sections, the issues of repeatability and thermal stability will be discussed in detail. 
 
5.3. Sample preparation and characterization 
 BiTe based alloys [Bi0.4Sb1.6Te3 (p-type) and Bi2Te2.7Se0.3 (n-type)] are also 
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prepared by ball milling elemental chunks of Bi, Te, Sb and Se in a jar and hot-press of  
the ball milled powder at 500 to 550 oC. The detailed procedure of ball milling and hot-
press to make nanostructured bulk samples is explained in Section 3.2. The ball milling 
time for Bi0.4Sb1.6Te3 (p-type) composition to make the alloy is always around 30 hours 
[5], but the ball milling time varies for Bi2Te2.7Se0.3 (n-type) composition according to 
external dopants.  
 The ball milled powder and pressed bulk samples are characterized by XRD and 
TEM to study the microstructures of the samples. Figures 5.3.1 shows (a) XRD patterns 
of ball milled powder and a hot-pressed sample, and (b) the TEM image of the hot-
pressed sample of Bi2Te2.7Se0.3 composition. Figure 5.3.1a clearly shows that the ball 
milled powder is almost alloyed, and after hot-press, the sample becomes completely 
alloyed. The XRD pattern for p-type BiTe is also similar. Figure 5.3.1b shows that the 
particles size of the hot-pressed sample is around 200 nm and up. 
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Figure 5.3. 1. (a) XRD patterns of ball milled powder and hot-pressed sample, and (b) 
TEM image of Bi2Te2.7Se0.3 composition. The red straight lines in XRD pattern refer the 
standard peak positions for Bi2Te2.7Se0.3 composition (from database).   
 
b 
a 
200 nm 
Hot-pressed sample 
Ball milled powder 
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5.4. Doping effect on n- and p-type BiTe 
 Since the peak ZT of n-type BiTe is lower in comparison to p-type BiTe, different 
elements and compounds are doped into the Bi2Te2.7Se0.3 composition to improve ZT. We 
doped 0.5 to 3% atomic/molecular weight concentration of Indium (In), Tin (Sn), Sulfur 
(S), Indium oxide (In2O3), Tin oxide (SnO2) into the Bi2Te2.7Se0.3 composition. In and Sn, 
which are poor metals, are doped to increase electrical conductivity as well as to reduce 
thermal conductivity by increasing phonon scattering through these metallic 
nanoparticles, whereas In2O3 and SnO2, which are metallic oxides, are doped to increase 
electrical conductivity and decrease thermal conductivity by reducing grain growth. S is 
used as both dopant and scattering centers. Figures 5.4.1 show the temperature dependent 
electrical resistivity (a), Seebeck coefficient (b), power factor (c), thermal conductivity 
(d), and ZT of In, Sn, S, In2O3 and SnO2 doped Bi2Te2.7Se0.3 composition (n-type) in 
comparison to the undoped Bi2Te2.7Se0.3 composition. Here, we have presented only the 
best observed result for each dopant. Figure 1a clearly shows that the electrical resistivity 
of each doped sample is higher in comparison to the undoped sample according to the 
expectation, but the Seebeck coefficient of all doped samples is lower in comparison to 
undoped sample (Fig. 5.4.1b) giving a little bit lower power factor for all doped samples 
especially below 125 oC, but above 125 oC, the power factor of Sn, S, and SnO2 doped 
samples have a higher power factor in comparison to undoped samples (Fig. 5.4.1c). 
However, the thermal conductivity of Sn doped sample is lower and all other doped 
samples have a higher or similar value in comparison to the undoped sample (Fig. 5.4.1d) 
giving a little bit higher ZT only for Sn and SnO2 doped sample in comparison to 
111 
 
undoped sample (Fig. 5.4.1e). This small improvement in ZT is mainly due to lower 
thermal conductivity which can be attributed to the possible phase formation of tin 
telluride or selenide. 
 
 
c e 
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Figure 5.4. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT of In, Sn, S, In2O3 and SnO2 doped 
Bi2Te2.7Se0.3 composition (n-type) in comparison to undoped Bi2Te2.7Se0.3 composition. 
 
 We have also doped different materials, such as Silicon carbide (SiC), Lead (Pb), 
Tin (Sn), and Selenium (Se) into p-type (Bi0.4Sb1.6Te3) BiTe to improve ZT further. 
Figures 5.4.2 show the temperature dependent electrical resistivity (a), Seebeck 
coefficient (b), power factor (c), thermal conductivity (d), and ZT of SiC, Pb, Sn, and Se 
doped Bi0.4Sb1.6Te3 composition (p-type) in comparison to the undoped Bi0.4Sb1.6Te3 
composition. Figures 5.4.2 clearly show that none of the dopants improve the ZT of the 
p-type material. 
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Figure 5.4. 2. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT of SiC, Pb, Sn, and Se doped 
Bi0.4Sb1.6Te3 composition (p-type) in comparison to undoped Bi0.4Sb1.6Te3 composition.  
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5.5. Repeatability of n-type BiTe 
 We have studied the repeatability of Bi0.4Sb1.6Te3 (p-type) and Bi2Te2.7Se0.3 (n-
type) alloys since these materials are the best ZT materials with peak ZT values of 1.4 
and 1.05 respectively [5, 6]. It is observed that the thermoelectric properties (electrical 
resistivity, Seebeck coefficient, thermal conductivity, and ZT) of p-type materials are 
repeatable in every batch when the same ball milling time and hot-press temperature were 
used. However, the thermoelectric properties of the n-type material are not repeatable for 
each similar operation. The reason for non-repeatability of n-type materials could be Te 
vacancies created due to its evaporation during ball milling. Since the Te vacancies also 
control the carrier concentration of the n-type material and it is hard to quantify these 
vacancies after each similar ball milling time, the carrier concentration of the material 
could be different for different operations, which in turn gives different thermoelectric 
properties. But in p-type, the carrier concentration is controlled by Bi and Sb defects 
which are more stable in comparison to Te and give similar properties after each similar 
operation. 
To solve the repeatability problem of n-type, different elements and oxides are 
doped to control carrier concentration which does not depend on ball milling time 
(Section 5.4). Since these dopants are n-type dopants for the Bi2Te2.7Se0.3 composition as 
shown in Fig. 5.4.1a, the carrier concentration of the material is controlled by these 
dopants. However, only S doped samples have repeatable thermoelectric properties for 
each similar operation.  
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5.6. Thermal stability 
For power generation applications, the thermoelectric materials should sustain the 
certain operating temperatures for long periods of time. Since BiTe based materials are 
also used for power generation up to 200 oC, thermoelectric properties of these materials 
should be thermally stable up to that temperature. In this section, we have discussed the 
thermal stability of Bi0.4Sb1.6Te3 (p-type) and Bi2Te2.7Se0.3 (n-type) compositions since 
these materials have the highest peak ZT and are used for power generation. To study the 
thermal stability of Bi0.4Sb1.6Te3 (p-type) and Bi2Te2.7Se0.3 (n-type) samples, these 
materials are annealed in air at 250 oC for different lengths of time. Figures 5.6.1 and 
5.6.2 respectively show the temperature dependent electrical resistivity (a), Seebeck 
coefficient (b), power factor (c), thermal conductivity (d), and ZT (e) of annealed 
Bi0.4Sb1.6Te3 and Bi2Te2.7Se0.3 samples in comparison to the sample before annealing. 
Figures 5.6.1 clearly show that the thermoelectric properties of p-type materials change 
after annealing at 250 oC in air and the performance of the material degraded with 
increasing the annealing time. However, the n-type material is thermally stable after 
annealing at 250 oC without much property degradation (Fig. 5.6.2). The degradation of 
thermoelectric properties in p-type materials could be due to annihilation of the defects in 
materials which cause the increase in electrical resistivity after annealing (Fig. 5.6.1a). 
Moreover, p- and n-type materials are also annealed in vacuum and helium up to 300 oC. 
In these media too, p-type samples show significant degradation in thermoelectric 
properties after annealing, whereas n-type materials show no significant properties 
change. 
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Figure 5.6. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of annealed Bi0.4Sb1.6Te3 sample in 
comparison to the sample before annealing. 
e 
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Figure 5.6. 2. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of annealed Bi2Te2.7Se0.3 sample in 
comparison to the sample before annealing. 
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 To make p-type materials thermally stable, Lead (Pb) is doped so that the carrier 
concentration is controlled by Pb rather than defects since Pb behaves as a p-type dopant 
(Fig. 5.4.2a). Figures 5.6.3 show the temperature dependent electrical resistivity (a), 
Seebeck coefficient (b), power factor (c), thermal conductivity (d), and ZT (e) of Pb 
doped Bi0.4Sb1.6Te3 sample annealed at 250 oC for different times, in comparison to the 
sample before annealing. Figures 5.6.3 clearly show that the thermoelectric properties of 
Pb doped Bi0.4Sb1.6Te3 samples also change after annealing, but there is no property 
degradation even after annealing of 48 hours. This effect of annealing is much less in 
comparison to Bi0.4Sb1.6Te3 sample (Fig. 5.6.1 & 5.6.3). 
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Figure 5.6. 3. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of Pb doped Bi0.4Sb1.6Te3 sample 
annealed at 250 oC for different time, in comparison to the sample before annealing. 
 
5.7. Conclusion 
 Thermoelectric properties of bismuth antimony telluride (Bi0.4Sb1.6Te3, p-type) 
and bismuth telluride selenide (Bi2Te2.7Se0.3, n-type) are studied to improve the 
dimensionless thermoelectric figure-of-merit (ZT). Different elements and compounds 
are doped in p- and n-type BiTe materials to improve ZT, but only the tin (Sn) doped 
Bi2Te2.7Se0.3 sample shows a little bit of improvement in ZT in comparison to the 
undoped sample. Moreover, the repeatability and thermal stability of p- and n-type BiTe 
materials are also studied. It is found that the p-type material is repeatable but thermally 
unstable, where the properties of n-type materials are hard to repeat but thermally stable. 
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The repeatability issue in n-type materials is solved by doping sulfur (S) and the lead (Pb) 
doped p-type materials show better thermal stability. The reason behind these problems 
could be the defects and vacancies which primarily provide the carriers in BiTe based 
materials. 
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Chapter 6: Thermoelectric properties of Bismuth-
Antimony (Bi-Sb) alloys 
 
 
 
 
 
6.1. Introduction 
 Bismuth-Antimony (Bi-Sb) alloys are the best thermoelectric materials for 
cooling applications at temperatures below room temperature due to their excellent 
thermo-magnetic behavior [1]. In magnetic field, the Seebeck coefficient of Bi-Sb alloys 
increases due to a large magneto-resistance effect caused by high-mobility electrons and 
holes in equal number [2-4]. In the present situation, single crystals of the Bi85Sb15 alloys 
are the best performance thermoelectric materials with figure-of-merit (Z) of 6.5×10–3 K–
1 at 80 K, and even higher at about 100 K under a magnetic field. However, it is very 
difficult to produce good homogenous single crystals of Bi100-xSbx alloys and the 
brittleness of the single crystals is another problem in practical devices [5]. To solve these 
problems, many synthetic methods of fine-grained polycrystalline materials have been 
studied, such as mechanical alloying, spark plasma sintering, quenching and annealing 
and high-pressure sintering. There has been a report of an estimated ZT > 2 at 300 K in 
Bi-Sb-Te alloys under a hydrostatic pressure of 2 GPa [6]. However, the Z value of poly-
crystalline Bi-Sb alloy is lower than that of a single crystalline alloy. In this Chapter, we 
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discuss the thermoelectric properties of mechanically alloyed Bi100-xSbx for different Sb 
content (x) with and without the presence of a magnetic field. Moreover, different 
elements are doped in optimized Bi100-xSbx alloy to improve the ZT further. 
 In Bi-Sb alloys, both Bi and Sb are semimetals that exhibit a similar 
rhombohedral crystal structure of point group R3m, thus Bi100-xSbx alloys form a solid 
solution over the entire composition range [7] with the semi metallic character when x ≤ 
7 or x ≥ 22 but become n-type semiconductor when 7 < x < 22 [8].  
 
6.2. Sample preparation, characterization and measurements 
 To prepare Bi100-xSbx alloy samples, Bi and Sb and doping elements are ball 
milled together in a jar for 12 hours, and the ball milled powder is hot-pressed at 240 oC 
to get bulk alloy samples. The details of ball milling and hot-press procedures are 
explained in Chapter 3 (Section 2). Then the ball milled powder and hot-pressed bulk 
samples are characterized by XRD to confirm the alloy form of the sample. Figure 6.2.1 
shows the XRD patterns of hot-pressed Bi88Sb12 alloy sample which clearly shows that 
the sample is completely alloyed. 
 Thermoelectric properties of these samples are measured by using TTL 
measurement systems from 5K to 350K. In TTL measurement, the electrical resistivity, 
Seebeck coefficient, and thermal conductivity of a sample can be measured in the same 
configuration to calculate the ZT of the material. Moreover, a variable magnetic field can 
be applied to the sample to study thermo-magnetic behavior. Hall measurements are also 
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carried out to find the mobility and the carrier concentration of the sample. All these 
measurements are done in Prof. Cyril Opeil’s Lab. 
 
6.3. Results and Discussions 
 Bi100-xSbx (x = 10, 12, and 15) alloy samples are prepared and measured for room 
temperature to 200 oC to optimize the ratio of Bi and Sb for the best thermoelectric 
properties. Figures 6.3.1 show the temperature dependent electrical resistivity (a), 
Seebeck coefficient (b), thermal conductivity (c), and ZT (d) of  Bi100-xSbx (x = 10, 12, 
and 15) alloys. Figures 6.3.1 clearly shows that Bi88Sb12 is the optimized composition 
highest peak ZT value of 0.35 at 300K (Fig. 6.3.1d). This peak ZT is lower in comparison 
to the previously reported ZT (~ 0.52) of Bi85Sb15 single crystals [5]. However, the ball 
milling process is a cost-effective, fast and efficient process to make the Bi100-xSbx alloys 
with decent ZT values. This gives a new direction to the research of Bi-Sb alloys for mass 
production on an application level.  
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Figure 6.3. 1. Temperature dependent electrical resistivity (a), Seebeck coefficient (b), 
thermal conductivity (c), and ZT (d) of Bi100-xSbx (x = 10, 12, and 15) alloys. 
 
 Moreover, different magnetic elements such as Nickel (Ni), Iron (Fe), Holmium 
(Ho) are doped in Bi88Sb12 alloy to further improve the ZT of Bi-Sb alloys. The reason to 
choose these magnetic elements is to increase the Seebeck coefficient in the presence of 
magnetic field by increasing the magneto-resistance without greatly affecting electrical 
resistivity which in turn increases the ZT of the material. The thermoelectric properties of 
all these doped samples are measured from 5K to 350K, which is the temperature of 
interest for Bi-Sb alloys, and it is observed that only Ho doped Bi88Sb12 alloys showed a 
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little bit improvement in ZT. Figures 6.3.2 show the temperature dependent electrical 
resistivity (a), Seebeck coefficient (b), thermal conductivity (c), and ZT (d) of Ho doped 
Bi88Sb12 alloys in absence of magnetic field. Figures 6.3.2 a & b clearly show that the 
electrical resistivity and Seebeck coefficient of Bi88Sb12Ho1 sample is higher in 
comparison to Bi88Sb12 sample at temperatures below 150K but above 150K, the 
properties are pretty close. This is due to the decrease in mobility and carrier 
concentration both in the Ho doped sample below 150K (Figs. 6.3.3 a & b). However, the 
thermal conductivity of Bi88Sb12Ho1 sample is almost same with Bi88Sb12 sample except 
at around 20K (Fig. 6.3.2c) giving a little bit improvement in ZT for Bi88Sb12Ho1 sample 
in comparison to Bi88Sb12 sample (Fig. 6.3.2d). There could be low energy filtering in the 
Ho doped sample below 150K, so the mobility and carrier concentration is lower for the 
Ho doped sample (Figs. 6.3.3 a & b), and the Seebeck coefficient of the Ho doped sample 
is higher (Fig. 6.3.2b). The data of Ho doped sample is measured by Mr. Kevin Lukas 
from Prof. Cyril Opeil lab in Boston College, and going to be published soon. 
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Figure 6.3. 2. Temperature dependent electrical conductivity (a), Seebeck coefficient (b), 
thermal conductivity (c), and ZT (d) of Bi88Sb12Ho1 sample in comparison to Bi88Sb12 
sample. 
 
 
 
 
Figure 6.3. 3. Temperature dependent mobility (Fig. 4a) and carrier concentration (Fig. 
4b) Bi88Sb12Ho1 sample in comparison to Bi88Sb12 sample. 
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Chapter 7: Thermoelectric properties of half-Heusler 
compounds 
 
 
 
 
 
7.1. Introduction 
 Half-Heusler (HH) phases are intermetallic compounds which have great potential 
to be high temperature thermoelectric materials for power generation [1]. HH phases are 
complex compounds MCoSb and MNiSn (M = Ti, Zr, Hf) which crystallize in the cubic 
crystal structure of F4/3m (No. 216) space group. These phases are the well-known 
semiconductors with the valence electron count (VEC) per unit cell 18, which possess a 
narrow energy gap and the Fermi level is near the top of the valence band [2–6]. So, the 
HH phases have higher Seebeck coefficient with moderate electrical conductivity. Since 
the performance of the thermoelectric material directly depends on a dimensionless 
figure-of-merit defined by ZT (= S2σT/κ )[7], where σ is electrical conductivity, S is 
Seebeck coefficient, κ is thermal conductivity, and T is absolute temperature, half-
Heusler compounds could be a good thermoelectric material with a higher power factor 
(S2σ). It has been observed that the MNiSn phases exhibit promising n-type 
thermoelectric properties with exceptionally large power factors [8] and MCoSb phases 
behave as promising p-type material [9]. However, the ZT values of the half-Heusler 
compounds are much lower than those of the state-of-the-art thermoelectric materials 
(Bi2Te3, skutterudites, etc.) [10, 11] which is due to their relatively high thermal 
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conductivity [8, 9]. In recent years, different approaches have been reported to improve 
the ZT of half-Heusler compounds by optimizing the compositions [12-17], however, the 
observed maximum peak ZT is only around 0.5 for p-type and 0.8 for n-type [18, 19]. In 
this chapter, we discuss the thermoelectric properties of n- and p-type HH compounds 
prepared by a dc hot press of ball milled powder of an ingot which is initially made by 
arc melting process. 
 
7.2. Crystal Structure 
Heusler and half-heusler phases are respectively represented by the general 
structures '2M MX and
'MM X , where M and 'M  are metals, and X is an sp metalloid or 
metal. For a majority of the Heusler phases, 'M  is either a transition metal or noble 
metal, and M is a transition metal, a noble metal, or a rare-earth metal. The crystal 
structure of the heusler phase is of the Bi3F type (space group Fm3m) and its unit cell 
consists of four interpenetrating face-centered cubic (fcc) sublattices. Each of the four fcc 
sublattices has the same unit cell size as that of the heusler phase. There are a total of 16 
atoms per unit cell. Two of the fcc sublattices, denoted by MX, form a rock-salt 
substructure. The other two fcc sublattices, denoted by '2M , occupy equivalent sites 
(0,0,0) and ( ½, ½, ½). The rock-salt substructure MX and fcc sublattices '2M  are mutually 
displaced with respect to each other along their body diagonals by one-quarter of the unit 
cell. With each of the cubic interstices of MX being filled by an 'M  atom, the Heusler 
phase can be described as a “stuffed rock salt”. If one of the '2M  sublattices is vacant, the 
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half-Heusler phase (space group F43m, MgAgAs-type) is formed [20]. The latter phase, 
which is now a “half-stuffed rock salt,” has 12 atoms per unit cell (Fig. 7.2.1).  
 
 
Figure 7.2. 1. Crystal structure of half-Heusler compound [21]. 
 
            A typical X-ray pattern of half-Heusler phases has been published in literature 
[22, 23], which resemble a face-centered cubic lattice for  these compounds which means 
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all hkl’s are either odd or even. Both Heusler and half-Heusler phases are chemically 
diverse and known to exist in more than 350 and 140 alloy systems, respectively [24].  
 
7.3. Sample preparation and characterization 
 HH samples are prepared by a dc hot press of ball milled powder of an 
ingot which is initially made by Arc melting process. Figure 7.3.1 shows an Arc melting 
furnace where a required composition of n- and p-type half-Heusler compounds are 
melted to get ingots. Then the melted ingots are ball milled for 5 – 20 hours to get the 
desired alloyed nanopowders. The mechanically prepared nanopowders are then pressed 
at temperatures of 1000 – 1050C by using a dc hot press method in graphite die with a 
12.7 mm central cylindrical opening diameter to get bulk nanostructured half-Heusler 
samples.  
The samples were characterized by X-ray diffraction (XRD), Scanning electron 
microscopy (SEM) and Transmission electron microscopy (TEM) to study their 
crystallinity, composition, homogeneity, average grain size, and grain size distribution of 
the nano particles. These parameters significantly affect the thermoelectric properties of 
the final dense bulk samples. The volume mass densities of these samples were measured 
using an Archimedes’ kit.  
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Figure 7.3. 1. Arc melting furnace 
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7.4. N-type half-Heusler 
In this section, we discuss the results for the temperature dependent 
thermoelectric properties of n-type half-Heusler phases of compositions Hf0.75Zr0.25NiSn1-
xSbx (x = 0.025, 0.01, 0.005)..  Figure 7.4.1 shows the XRD pattern (a) and SEM images 
(b-c) of the arc melted and ball milled Hf0.75Zr0.25NiSn0.99Sb0.01 sample. The XRD pattern 
(Fig. 7.4.1a) is well matched with those obtained for half-Heusler phases [18] showing 
good quality of the sample for better thermoelectric properties. Figures 7.4.1b & c clearly 
show that the ball milled and hot-pressed sample contains particles of sizes of few 
hundred nanometers to several micrometers. These particles are significantly smaller in 
comparison to that of arc melted samples [18] which is favorable for the lower thermal 
conductivity due to possible increase in phonon scattering. 
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Figure 7.4. 1. XRD pattern (a) and SEM images (b-c) of arc melted and ball milled 
Hf0.75Zr0.25NiSn0.99Sb0.01 sample. 
 
Figures 7.4.2 show the temperature dependent electrical conductivity (a), Seebeck 
coefficient (b), power factor (c), thermal conductivity (d), and ZT (e) of nanostructured 
HH samples of compositions Hf0.75Zr0.25NiSn1-xSbx (x = 0.025, 0.01, 0.005). Figures 
7.4.2a and b clearly show that the electrical resistivity and Seebeck coefficient both 
increase with decreasing the antimony doping. This could be due to a decrease of carrier 
concentration with decreasing antimony doping. As a result, the optimized power factor is 
observed for Hf0.75Zr0.25NiSn0.99Sb0.01 composition (Fig. 7.4.2c). Moreover, Figure 7.4.2d 
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shows that the thermal conductivity also decreases with decreasing the antimony doping, 
which is also an effect of carrier concentration, giving peak ZT of 1.0 at 700 oC in 
nanostructured sample of Hf0.75Zr0.25NiSn0.99Sb0.01 composition (Fig. 7.4.2e), which is 
about 20 % improvement in comparison to the previously reported peak ZT value [19]. 
Figures 7.4.3 show the temperature dependent electrical conductivity (a), Seebeck 
coefficient (b), power factor (c), thermal conductivity (d), and ZT (e) of nanostructured 
Hf0.75Zr0.25NiSn0.99Sb0.01 sample in comparison to a reference sample. The reference 
sample is prepared from arc melting Hf0.75Zr0.25NiSn0.975Sb0.025 composition, which has 
the best ZT values so far [19]. Figures 7.4.3a and b clearly show that the electrical 
resistivity and Seebeck coefficient of the nanostructured sample is much higher in 
comparison to the reference sample giving a little bit higher power factor (Fig. 7.4.3c). 
There could be two reasons behind this effect. One is a decrease in carrier concentration 
in nanostructured samples since it has lower antimony doping, and the other is a decrease 
in mobility in nanostructured sample due to the creation of defects by ball milling. 
However, the thermal conductivity of the nanostructured sample is significantly lower in 
comparison to the reference sample (Fig. 7.4.3d). The reasons of lower thermal 
conductivity in the nanostructured sample could be due to lower carrier contribution and 
increased phonon scattering through grain boundaries of nanostructures. As a result, a 
peak ZT of 1.0 is observed in the n-type nanostructured Hf0.75Zr0.25NiSn0.99Sb0.01 sample, 
which is about 20 % improvement in comparison to the reference sample (Fig. 7.4.3e). 
This ZT improvement mainly comes from the reduction of thermal conductivity in the 
nanostructured sample due to increased phonon scattering through the grain boundaries 
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of nanostructures, and the increase in power factor due to optimization of carrier 
concentration by antimony doping.  
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Figure 7.4. 2. Temperature dependent electrical conductivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of nanostructured HH samples of 
compositions Hf0.75Zr0.25NiSn1-xSbx (x = 0.025, 0.01, 0.005). 
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Figure 7.4. 3. Temperature dependent electrical conductivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of nanostructured 
Hf0.75Zr0.25NiSn0.99Sb0.01 sample in comparison to a reference sample. The reference 
sample is prepared from arc melting of Hf0.75Zr0.25NiSn0.975Sb0.025 composition, which has 
the best ZT values so far [19]. 
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7.5. P-type half-Heusler 
Thermoelectric properties of nanostructured p-type half-Heusler compounds have 
been studied to optimize the hot-press temperature. Figures 7.5.1 show the temperature 
dependent electrical conductivity (a), Seebeck coefficient (b), power factor (c), thermal 
conductivity (d), and ZT (e) of nanostructured Hf0.5Zr0.5CoSb0.8Sn0.2 samples for different 
hot press temperatures. Figures 7.5.1a and b show that the electrical resistivity and 
Seebeck coefficient of Hf0.5Zr0.5CoSb0.8Sn0.2 samples decrease with increasing hot-press 
temperature giving higher power factors for higher hot-press temperature (Fig. 7.5.1c). 
However, thermal conductivity of nanostructured Hf0.5Zr0.5CoSb0.8Sn0.2 samples increases 
with increasing the hot press temperature (Fig. 7.5.1d) giving similar ZT values, with 
peak ZT 0.8, for all samples (Fig. 7.5.1e).   
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Figure 7.5. 1. Temperature dependent electrical conductivity (a), Seebeck coefficient (b), 
power factor (c), thermal conductivity (d), and ZT (e) of nanostructured 
Hf0.5Zr0.5CoSb0.8Sn0.2 samples for different hot press temperatures. 
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Chapter 8: Summary 
 
 
 
Thermoelectric phenomenon involves a direct conversion of heat into electrical 
energy or vice versa which is based on three reversible effects named for Seebeck, 
Peltier, and Thomson for their respective discoveries in 18th century. However, 
thermoelectric research did not get enough attention until 1950, when Ioffe found that the 
doped semiconductors could be used in thermoelectric generators or refrigerators for 
better performance. In late 20th century, the thermoelectric research got more attention 
and became a well-established technology due to energy crisis, environmental concerns 
about refrigerant fluids and interest in cooling electronics. Since the thermoelectric 
technology provided a possibility of an alternative energy source, scientists started to give 
a closer re-examination to develop high performance thermoelectric materials. The 
performance of these materials depends on a dimensionless quantity ZT (= óS2T/k), where 
ó is electrical conductivity, S is Seebeck coefficient, k is thermal conductivity and T is 
absolute temperature [2]. But the improvement of ZT was not easy task because ó, S, and 
k are interrelated with each other. In recent years, many studies have shown a significant 
enhancement of ZT in other material systems via nanostructuring approach to reduce the 
thermal conductivity by scattering phonons more effectively than electrons at interfaces 
in superlattices and in bulk materials, such as lead antimony silver telluride (LAST) 
alloys, and skutterudites with an operating temperature up to 600C. We have been 
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pursuing a nanostructured composite (nanocomposite) approach and achieved a 40% 
peak ZT improvement, from 1 to 1.4, in p-type nanostructured bulk bismuth antimony 
telluride with an operating temperature up to 250C. For applications at around 1000C, 
such as for radio-isotope thermoelectric generators (RTGs) used in space missions, SiGe 
alloys are among the best options.  Past work on microstructuring SiGe alloy showed 
only a 20% increase in the ZT of p-type SiGe with an optimal grain-size in the 2 – 5 m 
range, but the ZT is expected to decrease further when grain size is further reduced. Here 
we show, using a low-cost and mass-production ball milling and direct-current induced 
hot press compaction process that a 50% improvement in the peak ZT, from 0.65 to 0.95 
at 800 – 900C is achieved in p-type nanostructured SiGe bulk alloys. The ZT 
enhancement is due to a large reduction in the thermal conductivity while maintaining the 
electron transport properties. Moreover, a modulation doping technique is applied in 
nanostructured p-type SiGe system to further improve ZT of the material by increasing 
the power factor. Moreover, a modulation doping technique is applied in nanostructured 
p-type SiGe alloys to improve the power factor by increasing the increasing the mobility. 
The increase in mobility is due to reduced ionized and unionized impurity scattering by 
spatial separation of doped carriers and SiGe matrix. However, the ZT of p-type SiGe 
alloys is not improved due to similar increase in thermal conductivity. 
Nanocomposite approach has also been used to study the thermoelectric properties of 
other material systems such as bismuth telluride (Bi-Te), bismuth antimony (Bi-Sb), and 
half-Heusler phases and we observed a significant improvement in peak ZT of 
nanostructured p- and n-type half-Heusler compounds from 0.5 to 0.8 and 0.8 to 1.0 
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respectively. The ZT improvement is mainly comes from the reduction of thermal 
conductivity due to increased phonon scattering at the boundaries of nanostructures, 
combining with some contribution of increased power factor. All in all, the nanostructure 
approach is used to increase the performance of p-type SiGe alloys and half-Heusler 
compounds, and also could be applicable to many other thermoelectric materials that are 
useful for automotive, industrial waste heat recovery, space power generation, or solar 
power conversion applications. 
Moreover, the ZT of these materials could be improved more by reducing thermal 
conductivity and improving the power factor. The thermal conductivity could be reduced 
either by making grain size even smaller or preventing grain growth during hot press, and 
power factor can be improved by modifying the density of states or using modulation 
doping technique. 
 
